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1. Tras la realización de ensayos biofísicos, se demuestra la capacidad de las secuencias 

peptídicas de la glicoproteína E2 del GBV-C, E2(175-192), E2(289-306) y E2(313-

330), de interaccionar con el PF-HIV-1. Preferentemente el dominio E2(175-192), esto 

es el péptido E2P59, es el que presenta una mayor inhibición, sugiriendo que éste podría 

intervenir a nivel de la entrada del virus HIV-1 en las células. 

2. Se han obtenido de forma satisfactoria, siguiendo procedimientos de síntesis 

semiautomática de péptidos en fase solida, 23 análogos peptídicos de la región E1(22-

39) del GBV-C. Asimismo, se ha derivatizado esta secuencia con ácido palmítico y 

ácido mirístico para obtener lipopéptidos. La formación en solución de un puente 

disulfuro, entre las Cisteínas en posiciones 25 y 29, permitió la obtención de un 

derivado cíclico de esta secuencia. 

3. Tras la realización del estudio de interacción de los análogos de la región E1(22-39) con 

el PF-HIV-1 por el ensayo de liberación de contenidos vesiculares, se han seleccionado 

seis regiones peptídicas que presentan una mayor capacidad de inhibir la actividad del 

PF-HIV-1 según este ensayo. 

4. Todos los análogos de E1(22-39) seleccionados inhiben la actividad hemolítica del PF-

HIV-1 de forma dosis dependiente. 

5. Los estudios realizados con monocapas lipídicas de POPG y DPPG indican que los 

análogos de E1(22-39) seleccionados modifican la interacción del PF-HIV-1 con lípidos 

aniónicos. 

6. Los estudios realizados por dicroísmo circular con los análogos de E1(22-39) 

seleccionados sugieren que, aunque los péptidos no presentan una estructura secundaria 

definida en solución acuosa, interaccionan con el PF-HIV-1 impidiendo la agregación 

de éste, lo cual podría afectar a su inserción en la membrana celular. 

7. Los ensayos de susceptibilidad del HIV-1 a los péptidos potencialmente inhibidores del 

PF-HIV-1 análogos de E1(22-39), permiten concluir que la secuencia nativa es la que 

presenta mayor actividad inhibitoria, indicando que tanto la estructura primaria como la 
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carga son fundamentales para la actividad anti-HIV-1 del péptido. Los resultados 

alcanzados con los lipopéptidos y con el péptido cíclico, derivado de esta región, 

indican que la ciclación de la secuencia E1(22-39) es la modificación más idónea para el 

diseño de nuevos péptidos derivados del GBV-C con actividad anti-HIV-1. 

8. Los estudios biofísicos realizados por fluorescencia, dicroísmo circular y balanza de 

Langmuir, demuestran la interacción del péptido cíclico derivados de E1(22-39) con el 

PF-HIV-1 y evidencian el papel de este péptido como potencial inhibidor de la entrada 

del virus HIV-1 a la célula huésped. 
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Anexo 1: Espectros de fluorescencia de: A) PF-HIV-1/P59 y B) PF-HIV-1/P105 (1/1) en presencia 

de concentraciones crecientes de LUV de POPG (de 0 a 400 µM). 
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Anexo 2: Energía de Gibbs de exceso (GE) para las mezclas de PF HIV-1 con POPG, a las presiones 

superficiales de 5 mN m-1, 10 mN m-1, 20 mN m-1 y 25 mN m-1
. 

  G
E 

(J mol
-1

)   

XPF-HIV-1 5 mN m
-1 

10 mN m
-1

 20 mN m
-1

 25 mN m
-1

 

0,1 72,88 126,60 65 220,14 

0,2 -16,86 114,78 -15,66 130,10 

0,4 -274,65 -463,28 203,58 -196,95 

0,6 -321,63 -499,18 91,55 -673,37 
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Anexo 3: Energía de Gibbs de exceso (GE) para las mezclas de POPG con E1P8/PF-HIV-1, E1P8-

12/PF-HIV-1, E1P8-13/PF-HIV-1 y E1P8-21/PF-HIV-1, a las presiones superficiales 5 mN m-1 y 25 

mN m-1
. 

   

G
E
(J mol

-1
) 

 XPeptidos 

      Π (mN m
-1

) E1P8 cyc PF-HIV-1 E1P8 cyc/PF-HIV-1 

0,1 5 198,28 72,88 367,01 

 
10 129,86 126,60 374,95 

 
20 226,22 65,05 430,98 

 

25 366,26 220,14 561,97 

     0,2 5 214,66 16,86 117,46 

 

10 226,59 114,79 115,46 

 
20 528,94 15,66 155,71 

 
25 747,57 130,10 255,63 

     0,4 5 535,32 274,65 103,03 

 

10 588,69 463,29 114,41 

 

20 872,97 203,58 122,59 

 
25 1063,30 196,95 197,77 

     0,6 5 1162,56 321,63 217,30 

 

10 1511,53 499,19 305,42 

 

20 2475,81 91,55 364,76 

  25 3002,83 -673,37 580,41 
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Anexo 4: Espectros de CD obtenidos a 50 µM de los péptidos solos y la mezcla de los péptidos a 

diferentes fracciones molares de los E1. A) PF –HIV-1 y E1P8-7, B) PF –HIV-1 y E1P8-12, C) PF –

HIV-1 y E1P8-13 y D) PF–HIV-1 y E1P8-21. Los Espectros teóricos del CD se calcularon a partir de 

la suma de los espectros de cada uno por separado. 
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Anexo 5: Espectros UPLC: (A) Mir-E1P8 y (C) Pal-E1P8. Condiciones: 10 mM de acetato de 

amonio en H2O; (B) 10 mM de acetato de amonio en Metanol. Gradiente lineal de 50%B a 100%B en 

16 minutos a un flujo de 0,2 ml/min.  Masa experimental de los péptidos obtenida por Electrospray 

(ES-MS) (B) Mir-E1P8 y (D) Pal-E1P8. 
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The use of synthetic peptides as HIV-1 inhibitors has been subject to research over recent years.
Although the initial therapeutic attempts focused onHIV-coded enzymes, structural HIV proteins and,
more specifically, the mechanisms that the virus uses to infect and replicate are now also considered
therapeutic targets. The interest for viral fusion and entry inhibitors is growing significantly, given that
they are applicable in combined therapies or when resistance to other antiretroviral drugs is seen and
that they act before the virus enters the cell. The 124 synthetic sequences of the GBV-C E2 envelope
protein have been obtained by SPPS. The interaction of certainGBV-Cpeptide sequences with theHIV-
1 fusion peptide has been proven through the use of biophysical techniques. We also show howGBV-C
E2 domains notably decrease cellular membrane fusion and interfere with the HIV-1 infectivity in a
dose-dependent manner, highlighting their potential utility in future anti-HIV-1 therapies.

Introduction

When a supposedly new hepatitis virus, the GB virus C

(GBV-Ca), also known as the hepatitis G virus (HGV),1,2was

discovered in the mid-1990s, many research groups sought

to correlate it to hepatic inflammation or other associated

diseases. However, no impact on health3,4 could be identified

until the research group of Prof. Tillmann demonstrated

GBV-C viraemia to be associated with significant survival

benefit in HIV-infected patients.5 These results were subse-

quently confirmed by this and other research groups.6,7

Although the results were sometimes not clearly significant,8

a meta-analysis underlined GBV-C’s association with a more

beneficial course of disease.9,10

Several mechanisms seem to be involved in the beneficial

effect: down-regulation of HIV co-receptors (C-C chemo-

kine receptor type 5 (CCR5) and CXC chemokine receptor 4

(CXCR4)), the induction of natural ligands for these chemo-

kine receptors (regulated on activation normal T expressed

and secreted (RANTES), macrophage inflammatory protein

1 R and β (MIP-1R and MIP-1β), stromal derived factor 1

(SDF-1),11,12 and decrease of Fas-induced lymphocyte apop-

tosis, the expression of which is higher in HIV-infected

patients.13

Recently it has been shown that two GBV-C proteins

inhibit HIV replication in vitro.14,15 Thus, there is evidence

for a casual relation ofGBV-C and amore prolonged survival

rate in patients co-infected with GBV-C and HIV.

It was further demonstrated that some effects can be achie-

ved by two different GBV-C proteins: the envelope glycopro-

teinE2 inhibitsR5andX4-tropismHIV isolates bydecreasing

the surface expression of CCR5 co-receptors and inducing

RANTES, one of the three known ligands for CCR5. The

mechanism by which E2 inhibits the X4 virus has not been

fully classified, although results point to the fact that the E2

protein of theGBV-C inhibits stages prior to replication, such

as the binding or fusion of membranes. The second protein

proposedbyProf. Stapleton’s group is the nonstructuralGBV-

C NS5A. The NS5A protein decreases the surface expression

of CXCR4 and increases the release of SDF-1, the CXCR4

ligand, in cell culture supernatants.16Furthermore, this group

classified the peptide requirements of the GBV-C NS5A

protein involved in HIV inhibition through mutagenesis and

proved that synthetic peptides are capable of reproducing the

effects of NS5A peptides expressed intracellularly, suggesting

the use of these synthetic peptide sequences froma therapeutic

stance.17

Though peptides have the disadvantage of requiring paren-

teral application, effective peptides are better than no further

treatment option, as in the setting of resistance to several oral

agents. HIV-1-inhibiting peptides have been identified and/or

developed using differentmethods. Some therapeutic peptides

such as enfuvirtide, already approved for clinical use,18 are

derived from the HIV-1, whereas others are natural peptides

such as the chemokines, defensins, or the “virus inhibitory

peptide” (VIRIP)19 or have been designed and synthesized

*To whom correspondence should be addressed. Phone:
þ34934006109. Fax: þ34932045904. E-mail: isabel.haro@iqac.csic.es.

aAbbreviations: FP, fusion peptide; GBV-C, GB virus C; HGV,
hepatitis G virus; HIV-1, human immunodeficiency type 1; IC50, half
maximal inhibitory concentration; ITC, isothermal titration calorime-
try; LUV, large unilamellar lipid vesicles; moi, multiplicity of infection;
PBMC, peripheral blood mononuclear cell; SPPS, solid phase peptide
synthesis; SPR, surface plasmon resonance; TCID50, 50% tissue culture
infective dose; VIRIP, virus inhibitory peptide.
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from crystallographic data onHIV-1 proteins or frompeptide

libraries.20 Furthermore, understanding the mechanism of

howGBV-CE2protein inhibitsHIVmight openother avenues

of treatment for this devastating disease.

At present, the interest for viral fusion and entry inhibitors

is growing significantly,21 given that they are applicable in

combined therapies or when resistance to other antiretroviral

drugs is seen and that they act before the virus enters the cell,

which could have the same potential as the inducing of

immunity provided by a vaccine. In our group, synthetic

sequences of the GBV-C E2 envelope protein have been

obtained by solid-phase peptide synthesis (SPPS). The inter-

action of certain GBV-C peptide sequences with the HIV-1

fusion peptide has been proven through the use of biophysical

techniques such as circular dichroism, Fourier transform

infrared spectroscopy, isothermal titration calorimetry, and
1H nuclear magnetic resonance.22

In the present article we show how certain E2 domains

interfere with the HIV-1 fusion peptide-vesicle interaction

and notably decrease cellular membrane fusion and interfere

with the HIV-1 infectivity in a dose-dependent manner, high-

lighting apotential utilityof somepeptides in future anti-HIV-

1 therapies.

Results

Biophysical Characterization of GBV-C Peptides/FP gp41

HIV-1 Interaction. In order to study the possible interaction

of the envelope protein E2 with the fusion peptide (FP) of

glycoprotein gp41 of the HIV-1 virus during the entry

process of the virus into the cell, a scan of this glycoprotein

was carried out by means of the synthesis of peptide se-

quences of 18 amino acids overlapped in 15 residues. The

best preserved primary structure of the E2 protein taken

from the Genbank database is shown in Figure 1, and

multiple syntheses were carried out in parallel to obtain

124 peptides corresponding to this protein. All peptides were

characterized using high performance liquid chromatogra-

phy (HPLC) and HPLC-mass spectrometry (HPLC-MS)

and showed purity greater than 90% (Table 1 in Supporting

Information).

These peptides were evaluated in regard to their capacity

to inhibit the destabilization process of lipid vesicles induced

by the HIV-1 FP. As shown in Figure 2, the peptides

P45-P46, P59, and P97 inhibit the leakage induced by the

HIV-1 FP at a relationship of 1/10 (FP/E2 peptide) in an

extent higher than 50%, with P11, P40-41, P80-82,

P88-P91, P96, P105-P109, and P124 peptide regions also

being capable of inhibiting the activity of the HIV-1 FP

although to a lower extent. The intrinsic lytic effect of the

GBV-C peptides alone was null or negligible.

To confirm the anti-HIV-1 FP activity observed and thus

to exclude the possibility that a contaminating agent might

be responsible for the observed effects of E2 peptides, we

next resynthesized manually and purified by preparative

HPLC the selected peptides. Further experiments confirmed

the inhibitory capacity of the selected E2 18-mer peptides.

Several ratios of the HIV-1 FP and the P11, P45, P59, P97,

and P105 (1:1, 1:2, 1:5, and 1:10) were tested in leakage

assays. As shown in Figure 3, these peptides inhibit the

permeabilization vesicular process induced by the HIV-1

FP, the percentage of inhibition for a E2 peptide/HIV-1

FP ratio being higher for P45 (Table 1). The plateau observed

during the leakage assay was in all cases lower than 65%.

Despite an increase of the E2 peptides/HIV-1 FP ratio, the

total inhibition of the permeabilization process induced by

HIV-1 FP was not observed.

In order to test the specificity of the interaction between

the E2 peptides and HIV-1 FP, we used melittin as a control

peptide. Melittin induced 8-aminonaphthalene-1,3,6-trisul-

fonic acid, disodium salt (ANTS), and p-xylenebispiridinium

bromide (DPX) leakage from palmitoyloleoylphosphatidyl-

glycerol (POPG) large unilamellar lipid vesicles (LUVs) at

Figure 1. Primary sequence of E2 GBV-C protein.

Figure 2. Inhibitory effect of the E2 GBV-C overlapped peptides
on the HIV-1 FP induced leakage assay.

Figure 3. Inhibitory effect on HIV-1 FP induced leakage of P59,
P97, P105, P11, and P45 E2 peptides. The extent of leakage
inhibitionwas plotted as a function of the Px/HIV-1 FPmolar ratio.

Table 1. Area under the Curve and Coordinates of the Peak for the
Inhibitory Effect on HIV-1 FP Induced Leakage of P11, P45, P59, P97,
and P105 E2 Peptides

P11 P45 P59 P97 P105

area under the curve 449.8 491.7 438.0 394.7 180.6

% Inhibition for E2 Peptide/FP Ratio of 5

Y = % inhibition 52.9 59.0 56.3 46.0 17.9
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peptide-to-lipid mole ratios higher than 1/50. The 50% of

POPG vesicular content leakage induced by melittin was

established at a peptide-to-lipid mole ratio of 1/10. When the

assay was performed in the same conditions as using the

HIV-1 FP, a relationship of 1/10 of melittin/E2 peptides was

premixed in dimethyl sulfoxide (DMSO) and tested in the

leakage assay (data not shown). The results showed that E2

peptides were unable to inhibit themembrane lytic activity of

melittin, thus indicating the specificity of the interaction

between GBV-C E2 peptides and the HIV-1 FP.

The interactions of E2 peptides with HIV-1 FP were

examined by measuring their partitioning in POPG lipo-

somes. As shown in Figure 4A, relative to fluorescence in

buffer, the maximum wavelength of Trp emission (λmax) of

HIV-1 FP shifted dramatically toward the blue in the pre-

sence of 75 μM POPG LUV. Specifically λmax decreased by

more than 20 nm consistent with the movement of HIV-1

FP into a nonpolar environment of vesicles bilayers. The

incubation of E2 peptides with HIV-1 FP in an equimolar

ratio prior to the POPG titration notoriously avoids the shift

of the Trp emission fluorescence, thus indicating an interac-

tion of E2 peptides with HIV-1 FP that prevents the move-

ment of the Trp residue to an environment of lower polarity

provided by the vesicles. As an example, in Figure 4B we

show the fluorescence emission spectra of an equimolar mix-

ture of HIV-1 FP and P97.

Fluorescence titration was used to measure HIV-1 parti-

tioning quantitatively by measuring fluorescence intensity at

the λmax (327 nm). The partitioning isotherms (Figure 1 in

Supporting Information) show that HIV-1 FP partitioned

strongly into POPG vesicles (Kx = (9.7 ( 1.7) ! 105). The

mole fraction partition coefficients ranged from (1.7( 0.4)!
105 for HIV-1 FP/P59 to (7.5 ( 0.8) ! 105 for HIV-1 FP/

P105, with P59 and P97 thus being the GBV-C E2 peptides

that more efficiently prevented the HIV-1 FP binding to the

POPG vesicles and with P105 being the less active peptide in

this assay.

To quantify the interaction of E2 peptides with the HIV-1

FP, we performed surface plasmon resonance (SPR) and

isothermal titration calorimetry (ITC) studies. We used a

Biacore T-100 SPR biosensor to screen the direct interac-

tions of E2 peptides to HIV-1 FP. The kinetic binding para-

meters and equilibrium constants for the peptides are given

in Table 2. Results obtained using immobilized HIV-1 FP

and the selected E2 synthetic peptides as analytes showed a

clear interaction between P11, P45, P97, and P105 and the

HIV-1FP, theKD values beingbetween2.24! 10-6 and5.86!
10-5M.Of note is that the dissociation constant of P97was 1

order of magnitude lower. Between 30- and 100-fold faster

associations were observed for P97 compared to P11, P45,

and P105. Figure 5 shows as an example the adjusted sen-

sorgram for the P105 peptide.

The values for the binding affinities to HIV-1 FP were

validated by ITC. Figure 6 shows ITC results where HIV-1

FP was titrated with P11. The ITC experiments yielded KD

values of 3.3 ! 10-5, 6.3 ! 10-5, 3.9 ! 10-6, and 2.0 ! 10-5

M for P11, P45, P97, and P105, respectively, in excellent

agreement with the values determined by SPR. The very low

interaction observed for P59 could not be fitted into any of

the defined binding models. Then, it was quantified neither

by ITC nor by SPR.

Anti-HIV-1Activities of E2GBV-CPeptides.The antiviral

activity of E2 GBV-C synthetic peptides was analyzed by

means of three complementary assays.We first examined the

effect of E2 peptides on cell-cell fusion assays, analyzing

their capacity to block syncytium formation between HeLa

cells expressing the envelope protein of HIV-1 and TZM-bl

cells expressing the human CD4 receptor CXCR4 or CCR5

HIV-1 co-receptors in the presence of various amounts of

each peptide.

The half maximal inhibitory concentration (IC50) as a

measure of the effectiveness of each E2 peptide in inhibiting

Figure 4. Fluorescence emission spectra of (A) FP and (B) equi-
molar mixture of FP and p97 upon titration with POPG LUVs. FP
concentration is 2 μM.

Table 2. Kinetics Parameters of the Interaction between the E2 GBV-C Peptides and HIV-1 FP Determined Using ITC and SPR

ITC SPR

peptide KA (M-1) KD (M) Ka (M
-1 s-1) Kd (s

-1) KD (M)

P11 (3.00 ( 0.58) ! 104 3.33 ! 10-5 (0.23 ( 0.005) ! 103 (5.8 ( 0.13) ! 10-3 2.52 ! 10-5

P45 (1.57 ( 1.05) ! 104 6.36 ! 10-5 (0.13 ( 0.005) ! 103 (7.74 ( 0.34) ! 10-3 5.86 ! 10-5

P59 ND ND ND ND ND

P97 (2.52 ( 1.16) ! 105 3.96 ! 10-6 (1.28 ( 0.004) ! 104 (2.86 ( 0.23) ! 10-3 2.24 ! 10-6

P105 (5.00 ( 0.73) ! 104 2.00 ! 10-5 (0.41 ( 0.008) ! 103 (7.17 ( 0.14) ! 10-3 1.76 ! 10-5
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syncytium formation is shown inTable 3. The following18-mer

peptides P11, P19-21, P23, P25, P45-47, P59, P97, P109, and

P124 inhibited the gp41-induced cell-cell fusion in a dose-

dependent manner, showing IC50 values between 141.2 and

832.9μM(Figure 2 in Supporting Information). The remaining

peptides showed less than 50% of inhibition or had a non-

sigmoidal (neither linear) shape of the dose-response curve, and

they were discarded. C34 peptide was used as positive control

(IC50=0.023μM;95%CI=0.021-0.025).As an example, in

Figures 7 and 8we showhowP45 inhibits syncytium formation

in a dose-dependent manner.

The preliminary analysis performed to assess the capabil-

ity of the 124 E2-peptides to inhibit the HIV-1 infection of

CEM174 showed that all of themwere able to inhibit the p24

antigen release at a high concentration of 500 μM, but only a

subset of them producedmore than 50%HIV-1 inhibition at

250 μM (P11, P19-P21, P23, P25, P34, P46, P47, P97, and

P109) at day 7 postinfection (Figure 9).

These data were confirmed when the inhibitory effect of

viral infection was analyzed using the TZM-bl cell line. Only

the peptides P11, P19-P21, P34, P45-P47, P109, and P124

were able to inhibit the HIV-1 infection of HIV-1HXB2 (R4),

the primary isolate HIV-169/7 (R5X4 dual or mixed trop-

ism (DM)), and HIV-1BaL (R5) in a dose-dependent manner

(Figure 3 in Supporting Information). The inhibitory effect

was differentially efficient between theX4 and theR5 strains.

The IC50 obtained with peptides P11, P19, P20, and P21 for

HIV-1HXB2was as follows:<HIV-169/7<HIV-1BaL; never-

theless, the IC50 obtained with peptides P34, P45, P46, P47,

and P109 for HIV-169/7 was <HIV-1HXB2 < HIV-1BaL. In

Figure 10 we show as an example the dose-response curves

obtained for P47. In general, all peptides tested showed an

IC50 that was 1 log higher for the virus R5 than for the virus

X4 or R5X4 DM (Table 4). Of note was that the P124 was

only effective for the HIV-1BaL strain.

With the aim of locating where the most active peptide

fragments lie on the E2 protein, a computerized predic-

tion analysis of hydrophilicity, accessibility, and presence of

β-turns of the E2 protein according to Hopp and Woods,23

Janin,24 and Chou and Fasman25was performed. In general,

it was observed that the selected peptide regions showed high

indexes of hydrophilicity and accessibility and a large num-

ber of residues with high turn probability that tend to dis-

tribute on the surface of the protein. In Supporting Informa-

tion (Figure 4) we have incorporated the profiles of the E2

protein as well as noted the selected peptide regions.

New experiments performed in TZM-bl on which the

peptides were incubated with the cell for 2 h before the virus

adsorption did not prevent the viral infection.

The inhibitory effect of peptides P11, P19-P21, P34,

P45-P47, P109, and P124 to inhibit infection of peripheral

bloodmononuclear cells (PBMCs) was also observed. In this

case, the qualitative analysis of p24 antigen produced in these

cell cultures showed (1) that the concentrations up to which

viral production was almost undetectable were lower than

the IC50 observed in TZM-bl cell cultures, (2) that these

concentrations were lower in HIV-1HXB2 (R4) than HIV-

1BaL (R5) with the exceptions of P19, P46, and P124, and (3)

Figure 5. Sensorgrams for the direct binding of P105 to immobilized HIV-1 FP. P105 concentrations ranged from 0 to 100 μM.Black lines are
fits to a 1:1 Langmuir binding model.

Figure 6. Calorimetric titration of HIV-1 FP with the P11 GBV-C
peptide at 25 !C.



6058 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 16 Herrera et al.

that the sets P19-P21, P45-P47, P109 weremore efficient in

inhibiting the HXB2 virus than P11 and P34 and that P124 is

more efficient in regard to BAL (Table 5).

Discussion

The understanding of how a nonpathogenic human virus,

GBV-C, interferes with HIV related disease progression has

been studied in the past years by means of epidemiological

studies of HIV-infected cohorts and by in vitro approaches

related toGBV-C/HIVco-infection. It has beenproposed that

the GBV-C E2 protein may modify HIV disease progression.

In addition the GBV-C E2 protein, when added to CD4þ T

cells, inhibits HIV entry in a HIV-1 pseudotyped retrovirus

single infection system. Moreover, polyclonal anti-E2 anti-

bodies andmurinemonoclonal anti-E2 antibodies neutralized

a broad panel of HIV-1 isolates in vitro.

Wehere present data thatpeptides derived from theGBV-C

E2 protein are able to reduce HIV-1 in vitro. We show that

several regions of the GBV-CE2 represented by the following

peptides (GBV-C E231-48, P11; GBV-C E255-78, P19-P21;

GBV-C E2100-118, P34; GBV-C E2133-156, P45-P47; GBV-C

E2289-306, P97; GBV-C E2325-342, P109; GBV-C E2370-387,

P124) can be implicated in the inhibition of the HIV-1 at the

entry level.

The observed inhibition events were probably mediated by

blocking virus entry, as observed by the biophysical assays

performed in the presence of the gp41 HIV-1 fusion peptide

like the inhibition of vesicular contents induced by the HIV-1

FP or the binding to POPG vesicles. As described, we could

determine by calorimetric and surface plasmon resonance

techniques the interaction of several domains of GBV-C E2

protein and the HIV-1 FP. According to the ITC results, the

binding of both peptides is characterized by negative enthal-

pies, suggesting that there are a large number of favorable

hydrogen bond contacts or van der Waals interactions bet-

ween the E2 peptides and HIV-1 FP. On the other hand, the

unfavorable entropic change could indicate that the binding

Table 3. Inhibitory Activity of E2 Peptides on Gp41-Mediated Cell-Cell Fusion Assay

peptide residue no.a sequence IC50
b (μM) 95% CIc

P11 31-48 TGEKVWDRGNVTLLCDCP 439.7 361.4-535.0

P19 55-72 LPAFCQAIGWGDPITHWS 369.5 314.8-433.7

P20 58-75 FCQAIGWGDPITHWSHGQ 347.6 305.1-396.0

P21 61-78 AIGWGDPITHWSHGQNRW 832.9 754.5-919.4

P23 67-84 PITHWSHGQNRWPLSCPQ 508.8 496.9-520.9

P25 73-90 HGQNRWPLSCPQYVYGSV 304.4 260.9-355.3

P45 133-150 SDRDTVVELSEWGVPCAT 141.2 129.1-154.4

P46 136-153 DTVVELSEWGVPCATCIL 428.8 373.1-429.7

P47 139-156 VELSEWGVPCATCILDRR 330.8 277.4-394.5

P59 175-192 RFPFHRCGAGPKLTKDLE 529.6 514.0-545.8

P97 289-306 LVRRRSELMGRRNPVCPG 537.6 476.9-606.0

P109 325-342 LQEVDAGNFIPPPRWLLL 687.1 616.3-766.1

P124 370-387 WVNQLAVLGLPAVDAAVA 332.7 265.4-417.1

aThe residue number of each region corresponds to its position in E2 (U45966_usa) of GBV-C. b IC50: concentration of a peptide causing 50%
inhibition of cell-cell fusion (μM). c 95% CI: 95% confidence interval of IC50.

Figure 7. Inhibition of gp41-induced cell-cell fusion by incubation
with P45 peptide. The arrow indicates syncytia (large cell-like
structure filled with cytoplasm containing many nuclei) formation.
Cells grown in 96-well plates were treated with C34 (1,2 μM) in (A)
or with P45 peptide: (C) 500 μM, (D) 250 μM, (E) 125 μM, and (F)
62.5 μM. (B) corresponds to untreated control.

Figure 8. Inhibitory activity of P45 peptide of gp41-induced
cell-cell fusion. Each data point represents the mean percent
inhibition ( standard error (bars).
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of E2 peptides toHIV-1FP can be associatedwith structuring

processes.26

The individual analysis of 124 overlapped GBV-C E2

peptides demonstrated that P11, P19-P21, P34, P45-P47,

P109, and P124 inhibit the HIV-1 infection of X4, X4R5DM,

and/or R5 strains in a dose-dependent manner in TZM-bl cell

cultures. Of note are that the potencies of E2 peptides to inhi

bit theHIV-1viral infectionaremodest (IC50values in themicro-

molar range), the concentration needed to inhibit the viral

infection being higher compared to another entry inhibitor,27

and that the sensitivity of HIV-1 to these peptides was appar-

ently modulated by the viral tropism.

In relation to the concentration of peptides required, it was

highly reduced when the susceptibility assays were performed

byusingPBMCs.Theactivity enhancementobserved inPBMCs

vs TZM-bl cell line could be explained by the influence of the

density of receptors and co-receptors and viral replication

capacity in each cell type, as well as the target cell environment

in which the induction of soluble factor release could hinder

HIV-1 entry, as has been described elsewhere.28-30 In any case,

new studies are being conducted to analyze the effects of these

particular peptides on uninfected PBMCs, and the chemical

modification of peptides will be carried out to reduce the IC50s

observed.

In a comparison of the inhibitory activity of GBV-C E2

peptides on gp41-mediated cell-cell fusion and the suscepti-

bility of HIV-1 to them, we consider the relevance mainly of

domains GBV-C E255-78 and E2133-156 in terms of future

drug design. These domains might comprise useful leads for

optimization because of the many advantages that peptides

bring to the clinic, like potency, specificity, and lower rates of

toxicity.

On the basis of the peptide sequences selected, the design

and synthesis of new forms of peptide presentation are con-

sidered in order to enhance the antiviral activity of these syn-

thetic molecules. The literature has described different strate-

gies to increase the antiviral activity of synthetic peptides that

prevent the limitations presented by this type ofmolecule in its

clinical application, such as reduced stability and limited

selectivity of action. Hence, the introduction of non-natural

residues, such asD-amino acids, has recently been described to

avoid peptide degradation by proteases or the introduction

of intramolecular cyclical motives to encourage a more rigid

structure with less flexibility in them.19 Another recent ap-

proach consists of a modification of peptides by combining

them with fatty acids, which favors enzymatic stability, im-

proves pharmacokinetic properties, and encourages second-

ary structure in the synthetic peptide sequence. The modifica-

tion of peptides that inhibit HIV fusion through the com-

bination of fatty acids to increase their inhibiting activity has

recently been described.31This inhibiting activity is correlated

to the length of the fatty acid, the direction of the fatty acid

attachment (N- or C-terminal) to the peptide sequence, and

the peptide concentration in cells. It seems that the fatty acid

allows the combined peptide to become attached to the cell

membrane surface, increasing the concentration of the com-

bined peptide at points of fusion.

In relation to the viral tropism, in general, the IC50 values

observed for the HIV-1HXB2 (X4) were lower than those for

HIV-169/7 (R5X4 DM) and lower than those for HIV-1BaL
(R5), reaching 1 log10difference between theX4 strain and the

R5 strain. This sensitivity profile was also observed in the

PBMC susceptibility assays performed. The incubation of

peptides and TZM-bl before the HIV-1 adsorption did not

prevent the viral infection of either HIV-1HXB2 or HIV-1BaL
laboratory adapted strains. Thus, we discard that peptide-

co-receptor binding as the cause of the differential suscepti-

bility between both viral strains.

A similar phenomenon was observed in the T-20-gp41

interaction by Derdeyn et al.32,33 in which the IC50 obtained

for R5 isolates was 0.8 log10 higher than the mean IC50 for X4

isolates. This feature was interpreted as a consequence of the

differential affinities of proteins during the cooperative pro-

cess of CD4-gp120-CCR5 binding and the CD4-gp120-

CXCR4 binding, leading to conformational changes that

Figure 9. Inhibition of the HIV-1 infection of CEM174 by GBV-C E2 peptides.

Figure 10. Susceptibilities of three different HIV-1 strains to P47
peptide in TZM-bl cells.
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promote T-20 interaction with HR1 binding when the virus

uses the CXCR4 co-receptor during virus-cell fusion. In our

study, we do not discard the notion that the gp120-CXCR4

binding could also promote the display of g41-FP binding

sites for the active GBV-C E2 peptides. On the other hand,

despite the FP having a highly preserved 23 amino acid

sequence among the HIV-1 strains, the polymorfism L/V

was observed in the seventh position of the N-terminal FP

of gp41 of the HIV-1BaL laboratory adapted strain. This

polymorphism located in the R-helix conformation of FP34

did not appear as a consequence of an adaptive viral escape in

the presence of peptides; however, its presence could be the

cause of the differential affinity to the peptides observed

between both laboratory adapted viral strains, independent

of viral tropism. Future studies with the improved peptides

will be carried out to assess this hypothesis.

To sum up, in the present article we describe certain E2

GBV-Cdomains that interferewith theHIV-1 fusionpeptide-

vesicle interaction, produce a notable decrease the cellular

membrane fusion, and interferewith theHIV-1 infectivity in a

dose-dependent manner. We provide insights into GBV-C E2

driven inhibition of HIV-1 replication that may lead to the

identification of novel therapeutics, drug targets, and putative

candidate vaccine antigens.

Experimental Section

Peptide Synthesis. The 124 peptides of the E2 GBV-C envel-
ope protein were synthesized by semiautomated multiple solid-
phase peptide synthesis on a peptide synthesizer (SAM, Multi-
syntech, Germany) as C-terminal carboxamides on a Tentagel
RAMresin (RappPolymereGmbH,Germany) (100mg,0.2meq/g)

and following a 9-fluorenylmethoxycarbonyl (Fmoc) strategy.
Amino acid side chain protection was effected by the following:
triphenylmethyl (Trt) for glutamine, asparagine, histidine, and
cysteine; tert-butyl (tBu) for aspartic acid, glutamic acid, serine,
threonine, and tyrosine; 2,2,5,7,8-pentamethylchroman-6-sul-
fonyl (Pmc) for arginine, and tert-butoxycarbonyl (Boc) for
lysine and tryptophan.

The coupling reaction was performed using 4-fold molar
excesses of activated Fmoc-amino acids throughout the synth-
esis. The amino acids were activated essentially by means of
treatment with 2-(1H-7-azabenzotriazole-1-yl)-1,1,3,3-tetrame-
thyluranium hexafluorophosphate methanaminium (HATU)
and a base such as diisopropylethylamine (DIPEA). The Fmoc-
deprotection step was accomplished twice with 20% piperidine
in dimethylformamide (DMF) for 10 min. The efficiency of
these reactions was evaluated by the ninhydrin colorimetric
reaction.

Once the synthesis was complete, the cleavage and deprotec-
tion processes of the peptidyl resins were carried out in a
semiautomatic synthesizer using the Multisyntech accessories
available for this purpose. These reactions took place by means
of treatment with 94% trifluoroacetic acid (TFA) in the pre-
sence of scavengers, basically 2.5% H2O, 2.5% 1,2-ethane-
dithiol (EDT), and 1% triisopropylsilane (TIS) for 4 h.

Peptides were isolated by precipitation with cold diethyl
ether, centrifuged, and lyophilized in 10% acetic acid. The pep-
tides were characterized by analytical HPLC on a Kromasil
C-18 column (Teknokroma, 5μm, 25 cm! 0.46 cm)with a linear
gradient of 95-5%A inBover 20min at a flow rate of 1mL/min
using 0.05% TFA in water (A) and 0.05% TFA in acetonitrile
(B) as the eluting system. The peptides were up to 90% pure by
analytical HPLC at 215 nm. Their identity was confirmed by
electrospraymass spectrometry (ES-MS) (Table 1 in Supporting
Information). Crude peptides were desalted using Oasis HLB
Plus cartridge 225 mg/60 μg fromWaters. These cartridges con-
tain a polymeric water-wettable reversed phase sorbent.

The highly preserved gp41 FP, AVGIGALFLGFLGAAGS-
TMGAAS, was successfully synthesized in a 100%polyethylene
glycol based resin, the ChemMatrix, that has proved to be a
superior support for the solid-phase synthesis of hydrophobic
and highly structured peptides.35,36 Peptides synthesized manu-
ally (P2, P11, P19-21, P23, P25, P34, P45-47, P59, P97, P105,
P109, P124, and FP gp41) were purified by preparativeHPLC in
a Kromasil-C8 column (Tecknochroma, 5 μm, 25 cm ! 2.2 cm)
and characterized by ES-MS. The purity by HPLC of all
peptides was g95%.

Inhibition of the Release of Vesicular Contents Induced by the

HIV-1 FP. In order to select the E2 GBV-C peptide sequences
that have the capacity to inhibit the interaction and destabiliza-
tion process ofmembranes induced by theHIV-1 fusion peptide,

Table 4. Phenotypic Susceptibilities of HIV-1 to E2 GBV-C Peptides in TZM-bl Cells

HXB2 BAL 69-7a

peptide IC50
b 95% CIc IC50

b 95% CIc IC50
b 95% CIc

P11 162.1d 125.3-209.7 484.5 441.6-531.5 208.8 178.8-243.9

P19 46.0 34.5-61.2 194.3 171.2-220.5 71.4 64.7 - 78.7

P20 70.1 60.5-81.2 125.5 124.4-126.7 111.1d 104.8-117.7

P21 44.9 36.8-54.7 529.1 427.3-655.2 371.1d 326.4-421.9

P34 237.4 191.3-294.6 411.2 373.5-452.7 118.6 111.6 - 126.0

P45 48.8d 42.3-56.2 505.5 501.3-509.8 43.7 38.4-49.7

P46 39.9d 34.7-45.8 462.8 438.7-488.2 24.1 22.0-26.5

P47 58.6d 50.6-67.8 140.3 125.9-156.4 20.1 18.1-22.2

P109 37.5 31.8-44.3 294.8d 259.2-335.3 60.8 55.1-67.1

P124 94.7 79.9 - 112.3

C34 nde nde 0.012 0.010 - 0.013 nde nde

T20 nde nde 0.021 0.019 - 0.022 nde nde

amphotericin B 0.175 0.167-0.185 0.136 0.129 - 0.145 nde nde

aOne replicate for each peptide in this assay. b IC50: concentration (μM) of a peptide causing 50% inhibition of the infection, obtained from two
independent experiments. c 95% CI: 95% confidence interval of IC50.

dLinear mathematical model, not sigmoidal. end: not determined.

Table 5. Concentrations of E2 Peptides (μM) up to Which the HIV-1
Infection of PBMCs Was Not Detected at Day 7 of Cell Culture by
Qualitative Analysis of p24 Antigen

HXB2 BAL

P11 31.2 62.5

P19 15.6 15.6

P20 7.8 15.6

P21 3.9 62.5

P34 31.2 62.5

P45 7.8 31.2

P46 7.8 7.8

P47 7.8 15.6

P109 7.8 15.6

P124 62.5 7.8
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the biophysical assay on the vesicle contents release described by
Ellens37 was performed in a PTI QM4CW spectrofluorimeter
(Photon Technology Internacional). Unilamellar lipid vesicles
(LUVs) containing fluorescent probes ANTS and DPX were
prepared according to the protocol described by our work
group.38

In order to carry out screening of the synthesized peptides, the
concentration of the gp41(1-23) fusion peptide (HIV-1 FP)
providing approximately half the total vesicle contents release
was selected. Each GBV-C peptide sequence corresponding to
the E2 protein was premixed with the HIV-1 FP in DMSO prior
to its addition to a suspension of LUV liposomes. Dequenching
of coencapsulated ANTS and DPX fluorescence resulting from
dilution was measured to assess the leakage of aqueous contents
from vesicles.

ANTS/DPX leakage out of the LUVs (100 μM lipids) was
measured after 30 min of incubation at room temperature.
Leakage was monitored by measuring the increase in ANTS/
DPX fluorescence intensity at 520 nm, with an excitation of 355
nm. HIV-1 FP/E2 peptide ratios ranged from 1/1 to 1/10. The
percentage of leakage was calculated as

% leakage ¼ ½ðF -F0Þ=ðF100 -F0Þ& ! 100

whereF0 is the initial fluorescence of LUVs,F is the fluorescence
intensity after incubation with the peptide, and F100 is the fluo-
rescence intensity after addition of 10 μL of a 10% (v/v) Triton-
100 solution (complete lysis of the LUV).

Effect of E2 Peptides on the HIV-1 FP Binding to Model

Membranes.POPGLUVswere prepared according the protocol
described byRojo et al.39Emission fluorescence spectra were re-
corded for peptides in tris(hydroxymethyl)aminomethane
(Tris), 10 mM, pH 7.4, at 20 !C. Peptide-phospholipid inter-
actions were assessed by monitoring the changes in the fluores-
cence spectra when LUV-POPG liposomes were incubated with
2 μM HIV-1 FP. Moreover, each E2 peptide (P59, P97, and
P105) was premixed (1:1 ratio) with the HIV-1 FP in dimethyl
sulfoxide (DMSO) prior to its titration with POPG liposomes.
Regarding the presence of a Trp residue in both P11 and P45
sequences, these E2 peptides were not evaluated in this assay.

The fluorescence intensity was measured as a function of the
lipid/peptide ratio. Suspensions were continuously stirred and
were left to equilibrate for 1 min before recording the spectrum.
Fluorescence intensities were corrected for contribution of light
scattering by subtraction of the appropriate vesicle blank. The
last correction was obtained from a parallel lipid tritation of
N-acetyltryptophanamide (NATA), which is known to not
interact with lipids.

According to Wimley and White40 and assuming a two-state
equilibrium between water-soluble aggregates and membrane-
bound peptides, the apparent mole fraction partition coeffi-
cients were determined by fitting the binding curves to the
equation I = f boundImax þ (1 - fbound)I0, for which I is the
relative fluorescence intensity, I0 is the intensity in the absence of
lipid, and fbound = KxL/(W þ KxL), where Kx is the mole
fraction partition coefficient, L is the lipid concentration, and
W is the molar concentration of water (55.3 M at 25 !C).

Surface Plasmon Resonance Studies. Surface plasmon reso-
nance (SPR) studieswere performedon aBiacoreT100 instrument
(GE, Healthcare). The surface of a CM5 chip with a dextrane
matrix was activated by injecting a mixture ofN-hydroxysuccimi-
nide (NHS) and N-ethyl-N0-(dimethylaminopropyl)carbodiimide
(EDC) for 7 min at a low rate of 10 mL/min. The HIV-1 FP was
dissolved in sodium acetate buffer, pH 4.5, and the dissolutionwas
filtered and injected onto the activated surface of the sensor chip
until the immobilization level of 100-500 RU was reached. The
surface was capped with a 1M solution of ethanolamine at pH 8.0
to remove residual activated carboxylic acid functional groups.
Control experiments were performed using sensor chips activated
according to the protocol described but without any peptide

coupled. The analytes (E2 peptides) were dissolved in HBS
buffer (10 mMHEPES, pH 7.4, 150 mMNaCl, 3.4 mMEDTA,
0.05% surfactant P20) and injected onto the surface of the
sensor chip diluted in a range of concentrations between 1.5
and 100 μM at a flow rate of 15 mL/min. The association and
dissociation times were 180 s each. Regeneration was performed
using a 50 mM NaOH and 1 M NaCl solution. The interaction
parameters were analyzed and evaluated using the Biacore T100
GxP Evaluation software.

Isothermal TitrationCalorimetry Studies. Isothermal titration
calorimetric (ITC) experiments were recorded on VP-ITC mi-
crocalorimeter (MicroCal, LLC, Northampton, MA). Purified
peptides were dissolved in DMSO and then degassed for 5 min
prior to sample loading. Briefly, a solution of 0.5mMpeptides in
DMSO was injected into a chamber containing 25 μM HIV-1
FP. The calorimeter was first equilibrated at 20 !C, and the
baseline was monitored during equilibration. The time between
injections was 5 min, and the stirring speed was 300 rpm. The
heats of dilution were determined in control experiments by
injecting E2peptides intoDMSOand subtracting from the heats
produced in the corresponding peptide-peptide binding experi-
ments. Control experiments were also performed by titrating
DMSO into HIV-1 FP. The total observed heat effects were
corrected for these small contributions. All titration data were
subsequently analyzed using the Origin 7 software (MicroCal,
LLC).

Inhibition of Cell Binding. Two cell lines were used: HeLa-env
(donated by Dr. Blanco from Fundaci�o IRSI Caixa) expressing
the protein from the HIV-1 envelope and including the HIV-1
long terminal repeat (LTR) promoter in its genome, and TZM-
bl (AIDS reagents catalogue no. 8129), which expresses the
membrane receptor from CD4 lymphocytes and co-receptors
CCR5 and CXCR4 and includes the luciferase and β-galactosi-
dase genes in its genome.41-43

Cell lines were cultured inDulbecco’smodified Eaglemedium
(DMEM, PAA) containing L-glutamine and sodium pyruvate
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin. The
cell cultures were maintained in a tissue culture incubator at
37 !C in a 5% of CO2 atmosphere.

When both types of cells are cocultured, cell membrane fusion
occurs and the luciferase is activated and produced the oxida-
tion of luciferine. The level of oxiluciferine was quantified by
using the Britelite kit (Perkin-Elmer) and SpectraMax M5
microplate reader.

In this study, the trial on the inhibition of cell binding induced
by E2 GBV-C peptides consisted of the incubation of 2500
HeLa-env cells/well (Nunc plates, catalogue no. 136101) for 1 h
at serial dilutions (5-1000 μM) of the peptides to be tested,
followed by the addition of around 10 times (25 000 cells) TZM-
bl/well and incubation for 24 h.

To control cell binding, wells without peptides were reserved
and a known cell binding inhibitor, C-34 (AIDS Reagents,
catalogue no. 9824), was used as a positive control.

The level of inhibition of cell binding was also qualitatively
assessed by observing the formation of syncytia under the
microscope.

Inhibition of HIV-1 Infection. Preliminary Screening of Pep-

tides Inhibitory Effect on HIV-1. A preliminary susceptibility
assay of HIV-1 against the 124 E2 GBV-C peptides was per-
formed by infecting CEM-174 cell line (AIDS Reagents, cata-
logue no. 272) with 0.008 multiplicity of infection (moi) of HIV-
192UG024 (R4 tropism, subtypeD, AIDSReagents no. 1649) and
two different concentrations of each peptide (500 and 250 μM).
Briefly, the 600 TCID50 (50% tissue culture infective dose) of
virus was first incubated, in triplicate with each concentration of
each peptide prepared on RPMI-1640 cell medium supplemen-
ted with 10% of fetal bovine serum (FBS), for 2 h at 37 !C and
5%ofCO2. The peptideC34 (AIDSReagents, no. 9824) at 1μM
was used as inhibition control. Later, 75 000 cells were added
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and incubated for an additional 2 h at 37 !C and 5% of CO2.
After viral adsorption, the infected cells were washed three times
with phosphate buffered saline (PBS) and incubated for 7 days
in the presence of each concentration of each peptide in a final
volume of 200μL/well in 96-well tissue culture plates. Triplicates
of infected cells without peptide and noninfected cells were
included as positive and negative controls of infection, respec-
tively. Viral infection was analyzed by cytopathic effect and by
ELISA HIV-1 p24 ELISA p24 antigen-HIV-1 (Ag HIV, Inno-
genetics no. K1048).

Susceptibility Assay on TZM-bl. A set of peptides with pot-
ential capability for HIV-1 inhibition demonstrated by biophy-
sical assays, cell-cell fusion assays, and preliminary assays on
HIV-1 susceptibility in CEM 174 assay were investigated more
deeply in a susceptibility assay on TZM-bl cells to assess if the
inhibition of HIV-1 infection was in a dose-dependent manner.

Briefly, triplicates of 2-fold serial concentration of each pep-
tide (0-500 μM)were preincubated along with a predetermined
volume of either HIV-1BaL strain (R5 tropism, AIDS Reagent)
or HIV-1HXB2 strain (R4 tropism, obtained from pHXB2, kindly
provided by Prof. C Boucher, University ofUtrecht (AZU), The
Netherlands) or a HIV-1 primary isolate named 69/7 (R5X4
dual ormixed tropismDM, isolated froman infected patient), in
a final volume of 100 μL/well of DMEM with 10% FBS in 96-
cell culture plates, for 2 h at 37 !C and 5% of CO2. In addition,
2-fold serial concentration of either T-20 (AIDS Reagents, no.
9409) or C34 or amphotericin B (Bristol-Myers Squibb, SL) was
used as a dose-dependent inhibition control of the assay. Later,
an amount of 100 μL of cell media containing 15 000 TZM-bl
cells was added to each well. In these conditions the final moi of
each viral strain was 0.02HIV-1BaL and 0.01 forHIV-1HXB2 and
HIV-169/7, respectively. A triplicate of each HIV-1 infected
TZM-bl without peptides and a triplicate of noninfected cells
were used as positive and negative controls, respectively, and
they were included in each assay. After 72 h postinfection, the
supernatant of each well was removed and to it was added 50 μL
of lysis buffer (0.1% TritonX-100, 10 mM MgCl2, 0.5 mM
dithiotreitol (DTT) in PBS) along with 50 μL of 1.5 mM of
chlorophenolred-β-D-galactopyranoside (CPRG). The β-galac-
tosidase activity was analyzed by spectrophotometry (570 nm,
SpectraMax M5 microplate reader). The optical densities ob-
tained were transformed in percentage of inhibition, and the
sigmoid curves were analyzed by nonlinear regression
(GraphPad Prism software, version 5). In parallel, the toxicity
effect on TZM-bl cells at each concentration of peptide assayed
was analyzed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as it is described
below.

Amodification of this procedure was also tested to determine
if the inhibitory effect of the peptides was due to a direct inter-
action with the receptor or co-receptor of viral entry. In this
case, the TZM-bl cells were incubated with the 2-fold serial
concentrations of peptides for 2 h at 37 !C and 5% of CO2 and
washed three times with PBS prior to the viral adsorption period
of 2 h. Later the cells were washed three times with PBS,
incubated for 72 h in the absence of peptides, and analyzed as
described above.

Susceptibility Assay on PBMCs.A qualitative assay of HIV-1
susceptibility based on the p24HIV-1 antigen was performed by
infecting PBMCswithHIV-1HXB2 andHIV-1BaL to corroborate
the peptide’s inhibitory effect of HIV-1 infection of this type of
cell. The PBMCs were obtained from healthy donor buffy coats
by density gradient centrifugation (ACCUSPIN System-Histo-
paque-1077, Sigma Diagnostics) and activated with 5 μg/mL of
phytohemaglutinine (PHA, Sigma-Aldhrich) in RPMI-1640
media (Lonza-BioWithaker) and 10%of FBS for 24-72 h prior
the viral infection. The 2-fold serial concentrations of peptides
(0-125 μM) were prepared in RPMI-1640 supplemented with
10% of FBS and 10 U/mL recombinant interleukine-2 (rIL-2,
Roche Diagnostic Systems) and preincubated along with a

predetermined volume of either HIV-1HXB2 or HIV-1BaL for
2 h at 37 !C and 5% of CO2. Later, 8 ! 105 activated PBMCs
were added and incubated for an additional 2 h to allow viral
adsorption. Finally the infected cells were washed three times
with PBS and incubated for 7 days, along with their correspond-
ing concentrations of peptide, in 96-well cell culture plates con-
taining 200! 103 PBMC in 200 μL ofRPMI-1640, 20%of FBS,
and 10 U/mL of rIL-2 in the absence of peptides. Thus, the final
moi for each viral strainwas 0.001. Viral release was analyzed by
qualitative ELISA p24 antigen-HIV-1 (Ag HIV, Innogenetics,
no. K1048).

Cell Viability with MTT Assay. Cell toxicity of E2 peptides
was analyzed in HeLa, TZM-bl, and PBMCs using the MTT
assay. Cells were cultured with DMEM (15 000 cells/well) in a
96-well plate and incubated with the serial dilutions of each
peptide at 37 !C for 72 h. Afterward, MTT was added to a final
concentration of 7.5 mg/mL and incubated for 2 h at 37 !C.
Later the medium was removed and 100 μL of DMSO was
added to dissolve the formazan precipitate. Absorbance was
measured at 570 nm after 45 min. Cell viability was determined
by the quotient between the absorbance value of cells treated
with peptide and untreated cells. The cytotoxic concentration
(CC50) was analyzed by nonlinear regression.

Statistical Analysis. To estimate the inhibitory concentration
(IC50) of E2 peptides and its 95%confidence intervals, nonlinear
regression models were used assuming a symmetrical sigmoidal
four-parameters curve44 for the relationship (GraphPad Prism
5.0 software). This parametrization of the sigmoidal curve has
good statistical properties.

The response was used in the log form (log10(dose)) rather
than the dose itself. After convergence of the models, goodness-
of-fit was checked by looking to the replicates test, the residuals,
the covariance matrix of the estimated parameters, the depen-
dence of each estimated parameter, and the determination
coefficient (R2). Constraints were used when necessary to im-
prove the fit of the model.
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Thepeptide sequence(175–192)RFPFHRCGAGPKLTKDLE(P59)of theE2envelopeproteinofGBvirusC (GBV-C)has

been proved to decrease cellular membrane fusion and interfere with the HIV-1 infectivity in a dose-dependent

manner. Based on these previous results, the main objective of this study was to deepen in the physicochemical

aspects involved in this interaction. First, we analyzed the surface activity of P59 at the air–water interface aswell as

its interaction with zwitterionic or negatively charged lipid monolayers. Thenwe performed the same experiments

with mixtures of P59/gp41-FP. Studies on lipid monolayers helped us to understand the lipid–peptide interaction

and the influence of phospholipids on peptide penetration into lipid media. On another hand, studies with lipid

bilayers showed that P59 decreased gp41-FP binding to anionic Large Unilamellar Vesicles. Results can be attributed

to the differences in morphology of the peptides, as observed by Atomic Force Microscopy. When P59 and gp41-FP

were incubated together, annular structures of about 200 nm in diameter appeared on the mica surface, thus

indicating a peptide–peptide interaction. All these results confirm the gp41-FP–P59 interaction and thus support the

hypothesis that gp41-FP is inhibited by P59.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A large number of studies have arisen from the need to overcome

AIDS infection and transmission, and to improve therapy. Several

authors [1–5] have provided evidence of a significant reduction in

HCV-related liver morbidity associated with GB virus C (GBV-C)

(formerly known as hepatitis G virus) viremia in HCV/HIV-coinfected

patients. GBV-C infection contributes to unpredictable clinical out-

comes in these patients. It has also been proposed that GBV-C is a good

indicator for demonstrating nosocomial parenteral transmission of

viral agents [6]. Thus, GBV-C could be used to predict hospital-

acquired infection, as this virus is common in North America and

Western Europe [7,8].

Most reported studies cover clinical or genotypic aspects of the

potential interaction between HIV and GBV-C virus [1,9–11].

However, little attention has been given to the interactions between

the viral fusion peptides of these two viral families and the cell

membrane. These interactions are crucial to our understanding of the

mechanisms by which viruses enter cells and why GBV-C coinfection

with HIV decreases AIDS virulence. A full account of these mecha-

nisms should consider the concomitance between E2 protein of GBV-C

and gp41 protein of HIV-1. In particular, we need to establish whether

E2 affects protein folding and whether it forms a non-active complex

with gp41-FP.

We previously described the interaction of peptide sequences of E1

and E2 envelope proteins of GBV-C with liposomes or lipid monolayers

[12–14]. All these initial studies agree on the occurrence of electrostatic

interactions between the peptides and the polar heads of the lipids [15].

However, to our knowledge, there is no published description of the

structural and morphological changes induced as a result of the

concomitance of gp41-FP with any GBV-C peptide sequence.

Here we performed a series of studies to determine peptide–

membrane or peptide–peptide interactions in an attempt to elucidate

the mechanism by which GBV-C prevents HIV entry into cells. For this

purpose,wechosea linearpeptide thatbelongs to the region(175–192)of

theE2GBV-Cenvelopeprotein (P59) because it has shownahigh capacity

to inhibit cell-cell fusion. P59 inhibits syncitium formation in a dose-

dependent manner (IC50: 530 μM) with a lack of toxicity at the peptide

concentrations studied [16].

In the first set of experiments, liposomes or lipid monolayers were

used asmodelmembranes to explore themode of action of the following:

i) P59; ii) gp41-FP fusion peptide (gp41-FP) and; iii) amixture of the two

peptides after their incubation at a P59/gp41-FP molar ratio of 5:1.
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In addition, membrane fluidity, determined by the nature of the

lipids chosen, also affected the balance between the electrostatic

forces at the interface and the hydrophobic forces that drive the

interaction inside the membrane. The Langmuir film studies reported

here showed that these peptides bind strongly to membranes, their

intercalation into lipid monolayers being enhanced by the presence of

negatively charged phospholipids.

The second set of experiments was designed to analyze the

morphological changes associated with the P59–gp41-FP interaction.

For this purpose, we used Atomic Force Microscope (AFM) [17–19] to

view the peptides alone and also mixed. AFM images of gp41-FP and

P59 showed spherical structures on a mica surface, indicating

aggregation of the peptides when deposited on a flat surface. In

contrast, when incubated together at a ratio of 5:1 (P59–gp41-FP,

mol/mol) annular structures of 200 nm in diameter appeared on the

mica surface. These structures were aligned in chains in which each

link could be the association of one gp41-FP peptide surrounded by

five P59 peptides. These annular structures suggest changes in the

organization of the peptides as a result of the exposure of regions to

the medium. The new organization may be due to the protection of

these regions, which provides a more stable structure in the media.

All these results confirm the gp41-FP–P59 interaction and,

consequently, the hypothesis that P59 inhibits gp41-FP.

2. Materials and methods

2.1. Surface activity

The experiments were carried out on a NIMA Langmuir Balance

(Coventry, UK). Several volumes of a concentrated solution of P59, gp41-

FP or P59/gp41-FP (5:1) were injected into a cylindrical Teflon trough

with a capacity of 35 mL filled with 10 mM Tris buffer, pH: 7.4. The

subphase was stirred continuously with a miniature Teflon-coated rod

spinning at 150 rpm. Surface pressure, π , wasmonitored continuously by

an electronic microbalance with an accuracy of ±0.05 mN m−1 using a

platinum plate as the pressure sensor. Changes in surface pressure over

time were recorded for a minimum of 60 min. All the experiments were

carriedout in triplicate at roomtemperature (20±1 °C). Eachexperiment

was preceded by a thorough rinse and wipe of the troughs with 70%

ethanol, several times with hot deionized water and finally with double

distilled water.

2.2. Kinetics of penetration and maximum insertion pressure

To determine the capacity of lipid monolayers to host the selected

peptide sequence,westudied thepenetrationkinetics of P59, gp41-FPand

mixtures of P59/gp41-FP (5:1 molar ratio). Lipids from a concentrated

solution (1 mgmL−1 in chloroform/methanol 2:1, v/v)were spread at the

air/water interface in the same Teflon trough as in the above experiment,

to reach the desired initial surface pressure (πo). The spreading solvent

was left to evaporate for 10 min. A peptide concentration, slightly lower

than the equilibrium spreading pressure found in the surface activity

measurements, [20]was then injected into the subphase through a lateral

hole to prevent monolayer perturbation. Depending on both the peptide

surface activity and affinity for the lipid monolayer, surface pressure

increases to a steady-state upon peptide/monolayer binding, which is

called theequilibriumadsorptionpressure (πe). Thedifferencebetweenπe
and πo at different πo, named surface pressure increase, Δπ, allows the

determinationof themaximuminsertionpressure (πmax) of amoleculeby

extrapolating the regression of the plot Δπ versus πo.

P59was injected under PC, PS or PC/PS (3:2)monolayers at several πo,

while gp41-FP, mixtures of P59/gp41-FP (5:1) and P59/gp41-FP (1:1)

were studied only on the latter (3:2).

All the experiments were performed at 20°±C.

2.3. Liposomes

PC/PS (3:2) large unilamellar vesicles (LUVs)were prepared following

the protocol described by Rojo et al. [21]. Briefly, LUVs were prepared by

hydration of the lipid film with tris(hydroxymethyl)aminomethane

(TRIS) 10 mM, pH 7.4 buffer followed by 10 freeze–thaw cycles. This

preparation was extruded 10 times through two 100-nm pore-size

polycarbonatefilters (Nucleopore, Pleasanton,CA,USA) inahigh-pressure

extruder (Lipex, Biomembranes, Vancouver, Canada).

2.4. Binding assay

The effect of E2(175–192) on the HIV-1 fusion protein (FP) binding

to model membranes was studied by the protocol described below.

Emission fluorescence spectra were recorded for peptides in TRIS

buffer 10 mM, pH 7.4, at 20 °C. Peptide–phospholipid interactions

were assessed by monitoring the changes in the fluorescence spectra

when LUV-PC/PS liposomes were incubated with 2 μM peptide

concentration of [8W] gp41-FP. Moreover, the E2 peptide was

premixed with the [8W] gp41-FP in dimethylsulphoxide (DMSO) in

a 5:1 ratio prior to titration with PC/PS liposomes.

The fluorescence intensity was measured as a function of the lipid:

peptide ratio. Suspensions were stirred continuously and left to

equilibrate for 1 min before recording the spectrum. Fluorescence

intensities were corrected for contribution of light scattering, by

subtraction of the appropriate vesicle blank. The last correction was

obtained from a parallel lipid titration of N-acetyl-tryptophanamide

(NATA), which does not interact with lipids.

Assuming a two-state equilibrium between water-soluble aggre-

gates and membrane-bound peptides, the apparent mole fraction

partition coefficients were determined by fitting the binding curves to

the equations: I= fbound Imax+(1− fbound) I0, in which I is the relative

fluorescence intensity, I0 is the intensity in the absence of lipid; and

fbound=Kx L /(W+Kx L), where Kx is the mole-fraction partition

coefficient, L the lipid concentration andW themolar concentration of

water (55.3 M at 25 °C). This procedure followsWimley &White [22].

2.5. Atomic force microscopy

Mica squares (0.25 cm2) were glued onto a steel disc, cleaned

carefully with water before use and cleaved to obtain a flat and

uniform surface. Immediately, an aliquot of 10 μL of peptides (P59 at

25 μM, gp41-FP 5 μM in milliQ water) was deposited on the mica

surface and incubated for 60 min at room temperature.

Sample was thereafter washed with milliQ water to eliminate non-

adsorbed peptides and dried to dryness. AFM contact mode images in

water were obtained using a Nanoscope IV Multimode AFM (Veeco

Metrology Group, Santa Barbara, CA) with V-shaped Si3N4 cantilevers

(MSNL, Veeco, CA) with a nominal spring constant of 0.10 N×m−1.

Instrument was equipped with an “E” scanner (15 μm). To minimize the

applied force on the sample, set point was continuously adjusted during

imaging. Imageswere acquired at 0º scan anglewith a scan rate of 1.5 Hz.

All images were processed using the Veeco software.

3. Results

3.1. Peptide synthesis

E2(175–192) was chosen because it strongly inhibits the interac-

tion and destabilization of membranes induced by the HIV FP, as

shown by several biophysical techniques as isothermal titration

calorimetry, surface plasmon resonance or vesicle content release

assays [16,23]. It bears a net positive charge and contains 4 positively

charged amino acids, which could be important for the interaction

with negatively charged phospholipid membranes.
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3.2. Surface activity measurements

Surface activity experiments give information about the capacity

of a peptide to adsorb or incorporate into the air-buffered interface

through the recording of the temporal change in surface pressure, π, at

constant area, after peptide injection into the subphase. The

adsorption kinetics of P59 or gp41-FP into the air-buffered interface

was measured in the subphase at a range of peptide concentrations. A

slight gradual adsorption of the peptide was observed at low

concentration. The higher the peptide concentration in the subphase,

the faster the incorporation and the higher the surface pressure

achieved. Fig. 1A illustrates the adsorption isotherm profile. The shape

of the surface activity curve approached a rectangular hyperbola, and

it was fitted to Eq. (1) via nonlinear least-squares regression analysis:

π=
cπsat
K + c

; ð1Þ

where c is the concentration, π1sat the saturation pressure or

maximum pressure that can be achieved, and K is a characteristic

constant equal to the peptide concentration that reaches half πsat.

Fitting the data of P59, the values obtained were πsat=13.80±

1.8 mNm−1; K=167.0±62.6 nM (R2: 0.9576). A slightly lower value

of K, 138 nM, was chosen for further penetration studies as it

corresponds to the optimum peptide concentration that should be

used in the bulk subphase for experiments of penetration kinetics,

lower than the equilibrium spreading pressure of the peptide [20]. For

gp41-FP results were πsat=79.50±4.1 mN m− 1; K=521.0±

35.5 nM (R2: 0.9720).

On the basis of these results, it is possible to calculate the peptide

surface excess concentration by applying the Gibbs adsorption

equation in its simplest form (Eq. (2)).

Γ=
1

RT

Δπ

Δ lnc
; ð2Þ

where R is the gas constant (8.314 J K−1 mol−1), T is the temperature

(293 K),Δπ is the pressure increase achieved 30 min after injection, and c

is the peptide concentration.

The surface excess concentration was 1.28×10−6 and 4.75×10−6

mol m−2, for P59 and gp41-FP, respectively which correspond to a

molecular surface area of 1.29 nm2 for P59 and 0.35 nm 2 for gp41-FP

as calculated with Eq. (3):

A =
1

ΓN
ð3Þ

where N is Avogadro's constant.

The values are of the same order as those found for other peptide

sequences of the same family [14,15,24].

In order to find out the effect of P59 on gp41-FP surface activity, the

same set of experiments was donewith the P59/gp41-FP (5:1mixture).

Results are reported as surface pressure versus P59 concentration

(Fig. 1B). When the equivalent concentration of gp41-FP in themixture

was injected alone, the surface pressure was higher. Therefore, when

P59 was incubated with gp41-FP and then injected, the rectangular

hyperbola approached the values registered for P59 alone, suggesting

that gp41-FP activity was neutralized (πsat=19.1±2.1 mN m−1;

K=250.0±9.5 nM; R2: 0.9836). These results indicate an inhibitory

effect of P59 on gp41-FP surface activity.

3.3. Kinetics of penetration and maximum insertion pressure

The Langmuir film studies revealed that P59 and gp41-FP bind

strongly to membranes, their intercalation into lipid monolayers

being enhanced by the zwitterionic/negatively PC/PS (3:2) mixture.

PC is the major component of the outer leaflet of uninfected cells,

whereas PS, a hallmark of programmed cell death, is expressed at

elevated levels in HIV-1-infected T cells and macrophages because of

the association of apoptosis with the progression of AIDS [25–28].

Themaximuminsertionpressure (πmax) corresponds to themaximum

surface pressure (minimum surface area) of the monolayer at which the

interaction of a peptide with the lipids is energetically favorable. It is a

useful parameter to determine the capacity ofmolecules of interest, in the

present case peptides, to penetrate cell membranes. In lipid monolayers,

πmax values of proteins are useful to characterize protein adsorption and

lipid specificity without the need to use radiolabels or other tags [29].

Large πmax values (34–36 mN m−1) have been reported for apolipopro-

teins and their C-terminal amphipathicα-helix. In contrast, low values of

πmax (17–29 mN m−1) correlate well with the lower capacity of N-

terminal α-helices of apoproteins for the same function. Therefore, given

that themembrane lateral pressure has been estimated to be between 30

and 35 mN m−1, values found below this range indicate a lack of

penetration while those above are characteristic of membrane-active

compounds [30].

We performed various P59 penetration experiments using two

phospholipids that differed in the nature of the head group: PC,

zwitterionic, and PS, negatively charged, and a mixture of PC/PS (3:2).

All the monolayers are in the liquid expanded state at the temperature

used (ca 20 °C).

When the monolayer was of pure PC, a linear plot of Δπ versus πo
was obtained. The higher the πo, the lower the Δπ regardless of

peptide concentration in the subphase. In contrast, for PS monolayers,

Δπ was highly dependent on P59 concentration. The initial experi-

ments with P59 were done by injecting this peptide into the Teflon

trough at a final concentration of 276 nM. In these experiments, Δπ

was very similar to each initial surface pressure assayed, πo, except for
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Fig. 1. Surface activity of A) P59 and gp41-FP and, B) P59/gp41-FPmixture (5:1) against free

air-Tris buffered interface versus concentration. The subphase was continuously stirred.

1 Many authors express this concept as πmax but in the present paper we name it πsat
to avoid misunderstanding with the maximum insertion pressure, expressed as πmax

that will appear in the next section.
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πo higher than 30 mN m−1 as an indication of monolayer saturation.

When the concentration of P59 in the subphase was lower than

138 nM, a linear relationship was observed. Consequently, we chose

this concentration for further experiments. These results show not

only the high electrostatic component of the P59/membrane

interaction, but also the utility of surface activity measurements to

calculate the appropriate amount of sample to be injected into the

subphase.

πmax values found for P59 were slightly higher for PS and for PC/PS

(3:2) (around 41 mNm−1) than for PC (36 mNm−1), thereby indicating

a better uptake by negatively charged phospholipids. Therefore, the PC/PS

mixture (3:2) was chosen for the following experiments.

The next step was to analyze the interaction of gp41-FP and a P59/

gp41-FP (5:1) mixture with PC/PS (3:2) monolayers. The various plots of

pressure variation versus the initial surface pressure are shown in Fig. 2.

The maximum insertion pressures on PC/PS (3:2) monolayers

obtained from extrapolation of the Δπ plot versus πo to Δπ=0 were as

follows: 41 mNm−1 for P59; 32 mNm−1 for gp41-FP and46 mNm−1 for

P59/gp41-FP (5:1). The πmax values of P59 alone or after incubation with

gp41-FP were similar, what makes difficult the elucidation of the

mechanism of the interaction. However, these values were consistent

with surface activity measurements.

Given that the P59/gp41-FP molar ratio seems to be crucial for the

inhibition, the kinetics of peptide insertion into PC/PS (3:2) monolayers

was also studied at a P59/gp41-FPmolar ratio of 1:1. Leakage experiments

showed that when P59 was present at this molar ratio, it did not inhibit

gp41-FP activity. In contrast, synergism between the two peptides was

observed. Results gave a πmax of 38 mNm−1, lower than the 46 mNm−1

found for the P59/gp41-FP (5:1) molar ratio. In both experiments, the

concentration of gp41-FP injected into the subphase was the same

(28 nM) but the concentration of P59 was lowered to 28 nM. At this

concentration, P59 did not show a significant pressure increase even at

low πo but there was an increase in the πmax of gp41-FP when incubated

with P59. If the behavior observed in penetration kinetics were a

consequence of the activity of gp41-FP and P59 in an independent way,

one would have expected a lower πmax, equal to πmax of gp41-FP when

injected alone. Therefore, the increase in pressure appears to be a

consequence of a P59–gp41-FP complex.

Although the data obtained with the Langmuir method are not

enough to draw a clear conclusion, the results support the hypothesis

of the formation and interaction of a P59–gp41-FP complex.

However, taking into consideration the charge of the peptides and

the AFM observations (see below), we can relate electrostatic

interactions of the peptides with the results on the kinetics of

penetration. On the basis of the peptide sequences, P59 has 6 positive

and 2 negative charges while gp41-FP has a single positive charge at

the N-terminus (Table 1). Taking into account the charge distribution

in the molecules, there may be an electrostatic attraction between the

positive charge of gp41-FP and one of the negative charges of P59.

Such an attractive force would lead to the formation of a peptide

complex P59/gp41-FP and would be responsible for the increases in

surface pressures observed. This longer structure would have two

regions, one composed of neutral amino acids acting as hydrophobic

tail, and another with positively charged amino acids, behaving as a

polar head. Therefore, the activity of the P59/gp41-FP complex in PC/

PS (3:2) monolayers would be the consequence of both electrostatic

and hydrophobic interactions, as observed for P59 alone.

It is also relevant to point out that these results were observed only

when peptides were incubated before their injection into the subphase;

however, this effect was not detected when peptides were injected in a

sequential way, first P59 and then gp41-FP or vice versa.

3.4. Binding results

The interaction of P59 E2 peptide with HIV-1 FP or gp41-FP was

examined by measuring its partitioning into PC/PS liposomes. The

maximum wavelength of Trp emission (λmax) of HIV-1 FP or gp41-FP

shifted toward the blue in the presence of PC/PS LUVs (Fig. 3A).

Specifically, λmax decreased by more than 10 nm, which is consistent

with the movement of HIV-1 FP or gp41-FP FP into a non polar

environment of vesicle bilayers. The incubation of P59 with HIV-1 FP or

gp41-FP prior to PC/PS titration prevented the shift of the Trp emission

fluorescence (Fig. 3B). This observation thus indicates an interaction of E2

P59 with HIV-1 FP or gp41-FP that prevents the movement of the Trp

residue to an environment of lower polarity provided by the vesicles.

Fluorescence titration was used to measure HIV-1 FP or gp41-FP

partitioning quantitatively by measuring fluorescence intensity at the

λmax (346 nm). The partitioning isotherms (Fig. 3C) show thatHIV-1 FP or

gp41-FP partitioned strongly into PC/PS vesicles (Kx=1.9×106). The

mole-fraction partition coefficient for HIV-1 FP or gp41-FP/P59 was

2.7×105, indicating that P59 impededHIV-1 FP or gp41-FP binding to the

PC/PS, the partition coefficient resulting one order of magnitude lower.

The interaction of synthetic peptides derived from HIV-gp41-FP

and model membranes has been reported in several studies. Some

agree in the efficiency of these peptides in inducing lipid mixing of

negatively charged membranes whereas their activity toward

zwitterionic membranes is very low [31,32]. However, a study of

Kliger et al. [33] of a synthetic peptide (DP178) corresponding to a

segment of gp41 of HIV-1 with either negatively charged or

zwitterionic vesicles yielded similar results in binding experiments.

In our study, as far as the physicochemical aspect of the interaction is

concerned, results evidence the important role of both electrostatics

and hydrophobic contribution in the fusion mechanism.

3.5. AFM observations

Up to know there are few references reporting the interaction of

gp41-FP with lipid membranes by AFM [28]. Recently, Bitler et al. [34]
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Fig. 2. Variationof the surfacepressure as a functionof the initial surfacepressureof thePC/PS

(3:2) phospholipidmonolayer: black: gp41-FP; green: P59; red: P59–gp41-FP (5:1). P59 and

gp41-FP concentration into the subphase (Tris pH:7.4) was 138 nM and 28 nM. This same

concentration was injected when studying the mixture P59/gp41-FP (5:1).

Table 1

Peptides characterization.

Peptide Amino acid

sequencea
Net charge HPLC

(k’)b
ES-MSc

E2(175–192) RFPFHRCGAGPKLTKDLE +4 3.8 2072,42

gp41 FP AVGIGALFLGFLGAAGSTMGAAS +1 4.7 2036,80

[8W] gp41 FP AVGIGALWLGFLGAAGSTMGAAS +1 3.4 2076,40

High performance liquid chromatography (HPLC) conditions: A: H2O 0,05%

trifluoroacetic acid (TFA)]; B: acetonitrile (0,05% TFA). Gradient 95% A to 5% A in

30 min, 1 mL min-1. Kromasil C-18 column. Detection 215 and 280 nm.
a In italics and bold the cationic amino acid, underlined the anionic amino acid.
b Capacity factor.
c Electrospray mass spectrometry.
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have published a real-time kinetic study of the activity of gp41-FP and

two mutants in the post-fusion state with nanometer resolution by

AFM. AFM images revealed differences in the interaction of the three

types of protein with zwitterionic and negatively charged membranes.

In the present work, AFM was used to study the structure and self-

assembly of the twopeptides and theirmixture on themica surface. Large

round aggregates of peptide gp41-FP formed all over the surface (Fig. 4A).

These aggregates showed a step height of 82±10 nm with a mean

diameter of 330±30 nm. Aggregateswere randomly distributed over the

mica surface and no individual peptideswere observed. In contrast round

P59 peptide aggregates were smaller than gp41-FP aggregates with a

height of 9.1±1.6 nmwith a mean diameter of 150±30 nm (Fig. 4B). In

this case, the mica surface was fully covered with a thin film. Although

peptide aggregates were stable against contact mode scanning, the thin

film was not. This effect can be observed from the enlargement of some

soft features in the direction of the scan (horizontal).

Fig. 5 shows the adsorption of amixture of P59 and gp41-FP (5:1,mol/

mol) on the mica surface. The mixed peptides adsorbed aligned in

preferential directions to form lines (Fig. 5A). Fig. 5B is a zoom image of

these lines with an angle of 130±5° from the scan direction (horizontal).

These lines can be identified as chains where each link is the pattern that

repeats. Links (Fig. 5C) are ringswith elliptical shapewithaheight of 1.3±

0.4 nm, first diameter of 130±30 nm nm, second diameter of 98±

15 nm and with a ring thickness of 26±6 nm.

The capacity of gp41-FP to form larger aggregates on mica (polar

surface) than P59 suggests that peptides differ in their behavior when

they interact with mica. The image of gp41-FP indicates more

hydrophobic interactions than P59 (strongly charged), which can

form a thin film on the mica surface.

Annular structures suggest morphological changes in the organi-

zation of peptides when gp41-FP and P59 were mixed in solution

before deposition on the mica surface. P59 might stabilize gp41-FP

molecules in solution, thereby protecting hydrophobic regions from

the media. One possible scenario for the links could be the formation

of mixed micelles: gp41-FP hydrophobic regions could arrange to

form concentric and elongated structures. Positively charged amino

acid on gp41-FP may be on the surface of the tube where P59 could be

adsorbed (electrostatic interaction), thus stabilizing the structure

against the media (Fig. 6).

When the same experiments were done with a mixture of P59/gp41-

FP (1:1, mol/mol), these structures were not observed. These results do

not match with the obtained with Langmuir studies in which no

differences in interaction where observed at different P59/gp41-FP

molar ratios. However, the AFM studies were performed under different

experimental conditions to the monolayer experiments. While mono-

layerswere donewith samples in solution, in AFM, peptideswere fixed to

a negatively charged mica surface.

4. Conclusions

Using various techniques, here we have shown the capacity of P59,

a sequence of the E2 protein of GBV-C virus, to inhibit gp41-FP.

Monolayer experiments showed a high surface activity of gp41-FP

and to a lesser extent of P59. However, when peptides were mixed,

surface activity was of the same order as that of P59, much lower than

that observed for gp41-FP alone. Furthermore, P59, gp41-FP and their

mixtures interacted with negatively charged lipid monolayers and to a

lesser extent with zwitterionic monolayers. The values of πmax obtained

Fig. 3. Fluorescence emission spectra of: A) HIV-1 FP or gp41-FP and B) HIV-1 FP or gp41-FP/ P59 (1/5) mixture upon titration with PC/PS LUVs. C) Partitioning curves as estimated

from the fractional change in Trp fluorescence in the presence of increasing amounts of PC/PS LUVs. The solid lines correspond to the best fits of the experimental values to a

hyperbolic function. ○ HIV-1 FP or gp41-FP ; ● HIV-1 FP or gp41-FP / P59 (1/5).
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for P59, gp41-FP andthemixtureP59/gp41-FP (5:1) indicate their strong

affinity for phospholipidmonolayers. Indeed,most of the πmaxwere over

30 mN m−1, i.e., above the estimated lateral pressure of membranes.

This observation suggests that the interactions of the peptides with

biological membranes are thermodynamically favorable. Despite the

high values of πmax for all the samples, themixture P59/gp41-FP showed

a lower value than the one observed for gp41-FP alone indicating a

change in activity of gp41-FP in thevicinity of themonolayer. In addition,

wepropose that peptide/s–lipidmonolayer interactions (at P59/gp41-FP

molar ratios of 5:1 and 1:1) are governed mainly by electrostatic

interactions but a hydrophobic contribution is also present.

Studies performed with lipid vesicles also indicated the capacity of

P59 to decrease gp41-FP contact with the lipid membrane. This

interaction was confirmed by AFM images showing different

interaction of peptides with the polar surface of mica. While

individual peptides aggregated in a different manner on the mica

surface, the mixture formed a particular structure at a molar ratio of

P59:gp41-FP (5:1) but not at a molar ratio of P59:gp41-FP (1:1). It is

necessary here to clarify that peptide interactions with mica surface

are not the same as those found with lipid membranes. In addition,

the interaction of peptides with mica provides information on the

interactions of peptides alone, and especially on the capacity of the

mixture at a molar ratio of P59:gp41-FP (5:1) to modify their

structure to form more stable aggregates in solution. One working

hypothesis is that, at the nanoscale, gp41-FP molecules are

surrounded by P59 molecules, which thus prevent the fusion of

gp41-FP molecules with membranes.

Furthermore, many events at the membrane level are caused by

conformational changes of peptide sequences when they are in the

vicinity of the host cell. P59 has a short chain of 18 amino acids and it

adopts an amphipathic random coil structure in aqueous solution, like

other peptides of the same family [23]. In contrast, gp41-FP adopts a

β−turn structure under the same conditions [35]. Herrera et al. [13]

have shown that E2(259–287) interacts with HIV-1 FP and modifies

its conformation. Therefore further studies should be developed to

clarify the role of P59 in gp41-FP inhibition. This line of research

should cover not only the conformational aspects of the interaction

but also the stoichiometry of binding or the depth in which the

sequences interact with the host membrane.

Fig. 4. AFM images of adsorbed peptide on mica surface, A) gp41-FP at a concentration of

5 μΜandB)P59ataconcentrationof25 μΜ. Contactmode in liquid.Height scalebar is20 nm.

Fig. 5. A) AFM image of absorbed peptide mixture of gp41-FP and P59 (5:1, weight/weight)

on mica surface. B) Zoom image from a) where chains are formed by links, and C) High

magnification of one of these links. Contact mode in liquid. Height scale bar is 20 nm.
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Fig. 6. Cartoon showing the possible organization of P59 and gp41-FP mixtures (P59/

gp41-FP: 5:1, mol/mol) deduced from AFM results. Left) AFM image; Top Right) Cut of

the wire showing the proposed mixed micellar structure formed by electrostatic

attraction between the positive terminal charge of gp41-FP and one of the negative

terminal charges of P59. Bottom Right) longitudinal view of the wire organized as an

annular structure formed by P59/gp41-FP mixtures.
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Introduction
Theranostic approaches are in the borderline among several scientific
disciplines, including chemistry, biology, medicine, pharmacy, nano-
technology and imaging (1) and aim at the simultaneous diagnostic
and therapy of diseases (2). These methods constitute a very useful
tool to visualize solid tumors, abnormal proteins and perturbating
events in living cells, and are normally based on the use of radioisoto-
pic or fluorimetric techniques. Radionuclide-based agents have the
advantage of allowing the exploration of inner target tissues, which
is not possible with the currently available fluorescence-based imag-
ing systems. This limitation notwithstanding, fluorimetric agents are
being increasingly adopted for in vitro studies in cell and tissue
cultures. Furthermore, fluorescent probes present the outstanding
advantage of avoiding the hazards inherent to the handling of radio-
active substances. In this context, we report here preliminary studies
of the use of styrylquinolines as theranostic agents for Alzheimer’s
disease on the basis of their potential pharmacological activity and
their suitable fluorescence solvatochromic effect.

Results and discussion
Styrylbenzoxazoles have been recently employed to detect
b-amyloid plaques (3). A library of styrylquinoline derivatives
was synthesized (4) to test their activity against protein misfold-
ing diseases. Three compounds belonging to this library were
selected to study their binding ability towards amyloid fibrils.
The flexible ethylene chain makes the probes sensitive to differ-
ent conformational states of the biomolecules and the presence

of aromatic moieties conjugated to ethylene chain makes them
good candidates to discriminate between the amyloid fibrils and
the aggregates of the amyloid plaques on the basis of changes
in their fluorescence properties (5). Figure 1 shows the chemical
structures and the fluorescence emission maxima of the com-
pounds under study in aqueous solution. These compounds
have shown to be very sensitive to changes in the environment
(solvent and pH). Thus, the protonation of the quinoline nitro-
gen under acidic conditions (pH< 2.0) causes a red shift in the
fluorescence emission maxima of compounds 1 and 2, but a
blue shift in the fluorescence emission wavelength of the amino
derivative 3. The spectral shape as well as the position and
intensity of the maxima of styrylquinoline sensors are
dependent also on the solvent polarity. As can be appreciated
in Figure 2, in the case of compound 1, the fluorescence emission
maximum is shifted from 311nm in cyclohexane to 405 in water. A
good correlation between solvent polarity (evaluated as dielectric
constant or ET (30) values) and the position of the emission
maxima was observed. In all compounds the fluorescence
maxima were red-shifted in aqueous solution with regard to the
emission observed in polar or apolar organic solvents. Conse-
quently, these compounds are good candidates to recognize
the characteristic fibrilar aggregates appearing in Alzheimer’s
disease, as the sensors in aqueous solution showed a red-shifted
emission band and the fluorescence emission is expected to be
blue-shifted in the presence of b-amyloid fibril aggregate, as
corresponds to a lower-polarity and more rigid environment.
In conclusion, the simplicity and sensitivity of fluorescence
techniques in the studies of the interactions between probes
and proteins make fluorimetry (6) a valuable screening method
for developing b-amyloid image sensors.
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Figure 1. Chemical structures and fluorescence emission wave-

lengths of the styrylquinolines studied in aqueous solution.

Figure 2. Solvent polarity effect on the fluorescence spectra of

compound 1 in different solvents.
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Recent studies of GBV-C and its interaction with host cells provide
new insights into the observed associations between GBV-C

infection and improved survival in HIV-positive individuals (reviewed
in ref.1). One of the proposed mechanisms by which GBV-C
modulates HIV infection and AIDS progression involves inhibiting
HIV replication by GBV-C proteins. In our hands, certain 18-mer
peptide sequences of the E2 envelope protein of the GB virus C

Table 1. Primary sequence of E1P8 and E2P45 peptide analogues
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Figure 1. Inhibitory effect of E1P8 and E2P45 peptide analogues on HIV-1 FP induced leakage. The molar ratio of the HIV-1 FP : GBV-C

peptides is 1:10.
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(GBV-C) notably decrease cellular membrane fusion and interferes
with the HIV-1 infectivity highlighting their potential utility in future
anti-HIV-1 therapies2. Besides, the interaction of other GBV-C
peptide sequences of the E1 envelope protein with the HIV-1 fusion
peptide as well as the inhibition of the membrane fusion process
has been determined through the use of several biophysical techni-
ques3. Based on these findings, two peptide sequences from E2 and
E1 GBV-C proteins, E2(133-150) (namely E2P45) and E1(22-39)
(namely E1P8), have been selected. In order to perform a
systematic trial on the structure-activity relationship of these
sequences, forty six peptide analogues were analysed in which each
of the amino acid residues was replaced by L-Ala (Table 1). The
influence of the total net load of the peptides on the activity
through the replacement of residues loaded with neutral amino
acids was also studied. Thus, the critical residues for the
interaction of the parent peptides with HIV-1 Fusion Peptide
(FP) were determined.
The E1 and E2 peptide analogues were evaluated in regard to

their capacity to inhibit the destabilisation process of lipid
vesicles induced by the HIV-1 FP. Thus, the biophysical assay on
vesicular content leakage was performed. Unilamellar lipid vesicles
containing fluorescent probes 8-aminonaphtalene-1,3,6-trisulfonic
acid disodium salt (ANTS) and p-xylenebispiridinium bromide
(DPX) were prepared according to the protocol previously
described (2,3). Peptides were mixed with the HIV-1 FP in DMSO
prior to their addition to the liposome suspension, recording the
emission of the ANTS probe at 520nm. The trials were performed
in a PTI QM4CW spectrofluorimeter. The screening of the peptide
was carried out in 96 well plates. Intra- and inter-assay fluorescence
variations were analysed by performing each plate by triplicate and
repeated five times in different days using Quantile Regression
Models (Median Regression) (4). Five E1 (P8-6, P8-7, P8-12,
P8-13 and P8-15) and three E2 (P45-1, P45-3 and P45-22)
peptide analogues were selected on the basis of a higher esti-
mated median difference effect comparing to parent peptides
(Figure 1). Both sets of most active analogues deserve more
attention and will be evaluated in further biological studies
such as cell-cell fusion or viral inhibition assays to analyse their
potential as anti-HIV-1 agents.
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Introduction
The morphogen distributions are crucial for understanding their
effects on cell-fate determination, yet it is difficult to quantitate
and obtain such information through direct measurements.
The developments of higher organisms are derived from

Figure 1. The partial distribution of the Gurken gradient in the

stage 10A egg chambers for (a) wild-type, (b) overexpressing

Dlp, and (c) overexpressing Cbl. The scale bars both are 12 μm

in Figures. 1 (a), (b) and (c), respectively.
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Abstract: Following the report of beneficial effects of co-infection by GB virus C (GBV-C) for HIV-infected patients, we 

have studied synthetic GBV-C peptides and their relationship with HIV type-1. This paper reports the design and synthe-

sis of new forms of presentation of two peptide inhibitors corresponding to the envelope proteins E1 and E2 of GBV-C, 

together with a study of their anti-HIV-1 activity. Homogeneous and heterogeneous multiple antigenic peptides (MAPs), 

lipophilic derivatizations, cyclization and peptide–gold conjugations are the chemical design strategies adopted. Our aim 

is to enhance the anti-viral potency of the GBV-C peptide domains. Of all the GBV-C peptide derivatives studied, pep-

tide–gold complexes derived from the (22-39) sequence of the GBV-C E1 protein were the most active entry inhibitors. 

These results support the putative modulation of HIV-1 infection by the GBV-C E1 protein and open new perspectives for 

the development of novel peptide-derived HIV-1 entry inhibitors. 

Keywords: Anti-HIV assays, cell–cell fusion assays, cyclic peptides, GBV-C, HIV-1, lipopeptides, multiple antigenic peptides, 
peptide–gold complexes. 

INTRODUCTION 

The use of synthetic peptides as human immunodefi-
ciency virus type-1 (HIV-1) inhibitors has been the subject 
of research over recent years. A large number of peptides 
that could be used to target different stages of the HIV-1 life 
cycle continue to be studied for their clinical application in 
the fight against HIV-1 infection. The main advantages of 
synthetic peptides as therapeutic agents are their low sys-
temic toxicity and the possibility of structurally modifying 
them so they mimic certain substrates or epitopes.  

HIV-1-inhibiting peptides have been identified and/or 
developed using different methods. Some therapeutic pep-
tides such as Enfuvirtide, already approved for clinical use 
[1], are derived from HIV-1. Others are natural peptides such 
as chemokines, defensins or the “virus inhibitory peptide” 
(VIRIP) [2]; while still others have been designed and syn-
thesized from crystallographic data on HIV-1 proteins or 
from peptide libraries [3].  

Initial attempts to derive therapeutic applications focused 
on HIV-coded enzymes (reverse transcriptase, protease and, 
more recently, integrase). Currently, however, structural HIV 
proteins and, more specifically, the mechanisms by which 
the virus infects the cell and replicates are also considered 
therapeutic targets. 
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At present, interest in viral fusion and entry inhibitors is 
growing significantly [4], since they can be applied in com-
bined therapies or when resistance to other antiretroviral 
drugs is encountered. Furthermore, these inhibitors act be-
fore the virus enters the cell, which could have the same po-
tential as the inducing of immunity by a vaccine.  

Following the report of beneficial effects for HIV-
infected patients of co-infection by GB virus C (GBV-C) [5], 
our research group decided to study synthetic GBV-C pep-
tides and their relationship with HIV-1. Recent studies of 
GBV-C and its interaction with host cells provide new in-
sights into the associations observed between GBV-C infec-
tion and improved survival in HIV-positive individuals. Al-
though the mechanism by which GBV-C modulates HIV 
infection and the progression of AIDS is not fully under-
stood, the existing data on potential mechanisms by which 
GBV-C interferes with HIV has recently been reviewed [6]. 
One of the proposed mechanisms involves the inhibition of 
HIV replication by GBV-C proteins (E2 glycoprotein and 
NS5A phosphoprotein) [7-9]. It has been reported that the 
GBV-C E2 protein directly inhibits HIV pseudovirus entry, 
and that peptides derived from this E2 protein interfere with 
HIV cellular binding and fusion, independently of the viral 
effect on CD4 cell homeostasis

 
[8, 10]. The same group has 

now identified the region of the GBV-C E2 protein involved 
in HIV inhibition [11] and proposed that this region, the 
E2(276-292) peptide, does not inhibit HIV replication unless 
it is fused to a TAT protein transduction domain for cellular 
uptake. Presumably, it does not present the structural motif 
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required to inhibit HIV on its own, but needs to be combined 
with an element capable of penetrating the cell membrane. 
The peptide has to be taken up by or expressed within cells 
to effectively inhibit HIV entry and replication. The inhibi-
tion seems to be specific to HIV, as the entry of neither the 
yellow fever virus (YFV) nor the mumps virus was inhibited 
in cells expressing GBV-C E2. Addition of the GBV-C E2 
peptide motif to the HIV TAT protein inhibited different 
HIV isolates including T-20-resistant strains; which suggests 
that the mechanism of entry inhibition is different from that 
of T-20 and other HIV gp41 peptides.  

In different research, gold-based drugs have been effec-
tively used in the treatment of many diseases

 
[12] and re-

cently their anti-HIV activity has been reported. Okada el al. 
demonstrated that some commercial drugs, such as 
Aurothioglucose and Aurothiomalate, are inhibitors of HIV. 
The inhibition takes place through coordination of the 
gold(I) fragment to the exposed acidic thiol groups of the 
viral surface proteins as well as by inhibition of the reverse 
transcriptase [13]. Administration of gold–phosphine com-
plexes, such as the antiarthritic agent Auranofin, led to an 
increase in the CD4+ count of an HIV patient being treated 
for psoriatic arthritis [14], and other gold(I)–phosphine com-
plexes have been shown to inhibit reverse transcriptase or 
protease [15]. Furthermore, several compounds of gold(III) 
with porphyrins or Schiff bases have been patented due to 
their considerable anti-HIV activity

 
[16]. Recently, Bowman 

et al. demonstrated that multivalent gold nanoparticles can 
inhibit HIV fusion [17]. 

We have previously shown that certain 18-mer peptide 
sequences of the GBV-C E2 envelope protein decrease cellu-
lar membrane fusion and interfere with HIV-1 infectivity; 
which indicates their potential utility in future anti-HIV-1 
therapies [18]. The interaction of other GBV-C peptide se-
quences from the E1 envelope protein with the HIV-1 fusion 
peptide has also been established through the use of several 
biophysical techniques [19]. Furthermore, the same research 
has shown that some of those peptide sequences inhibit the 
HIV-1 membrane fusion process.  

Based on these findings, two peptide sequences from the 
GBV-C E1 and E2 proteins—E1(22-39) and E2(133-150)—
were selected for study. In this work, we report the design 
and synthesis of new forms of presentation of the selected 
GBV-C envelope peptide sequences, together with an 
evaluation of their anti-HIV-1 activity. Our aim is to dis-
cover novel presentations of the parent peptides with en-
hanced antiviral activity.  

MATERIALS AND METHODS 

1. Synthesis of Peptides 

1.1. Multiple Synthesis of Peptide Analogues 

Twenty-three peptide analogues from the (22-39) se-
quence of the GBV-C E1 protein (E1P8: 
APEDIGFCLEGGCLVALG) and 23 analogues from the 
(133-150) sequence of the GBV-C E2 protein (E2P45: 
SDRDTVVELSEWGVPCAT) were synthesized by semi-
automated multiple solid-phase peptide synthesis on a pep-
tide synthesizer (SAM, Multisyntech, Germany) as C-
terminal carboxamides on a Tentagel RAM resin (Rapp Po-

lymere GmbH, Germany) (100 mg, 0.28 meq/g) and follow-
ing a 9-fluorenylmethoxycarbonyl (Fmoc) strategy. Cou-
plings were performed by 2-(1H-7-azabenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) 
and diisopropylethylamine (DIEA) activation, with three-
fold molar excesses of amino acids. The Fmoc deprotection 
step was performed twice with 20% piperidine in dimethyl-
formamide (DMF) for 10 min. Peptide isolation from the 
peptidyl resins was carried out as described elsewhere

 
[20]. 

The crude peptides were desalted using Oasis HLB Plus car-
tridges (225 mg/60  g) from Waters. 

The peptides were characterized by analytical HPLC on a 
1260 Infinity chromatograph (Agilent Technologies) with an 
Eclipse Plus C18 column (Agilent, 3.5  m, 4.6   100 mm). 
The E2P45 analogues were analysed with a linear gradient of 
80%-30% A in B over 20 min at a flow rate of 1 mL/min 
using 0.05% trifluoroacetic acid (TFA) in water (A) and 
0.05% TFA in acetonitrile (B) as the eluting system. A linear 
gradient (5%-95%) of 0.05% ammonium acetate in acetoni-
trile (solvent B) into 0.05% ammonium acetate in water (sol-
vent A) over 20 min at a 1 mL/min flow rate was used for 
separation of the E1P8 analogues. The peptides were 95% 
pure by analytical HPLC at 220 nm. Their identity was con-
firmed by electrospray ionization mass spectrometry (ESI-
MS) (Tables 1 and 2). ESI-MS was performed with a liquid 
chromatograph–time of flight (LC-TOF) detector, LCT Pre-
mier XE (Micromass Waters) coupled to Analytical Ultra 
Performance Liquid Chromatography apparatus (UPLC, Wa-
ters). Samples were dissolved in a mixture of acetoni-
trile/water (1:1, v/v) and analysed previously in the UPLC at 
a flow rate of 0.3 mL/min. Mass spectra were recorded in 
positive ion mode for E2P45 analogues and in negative ion 
mode for E1P8 peptides (in the m/z 500-2500 range). UPLC 
was performed in an Acquity UPLC BEH C18 reverse-phase 
column (2.1 100 mm, 1.7  m particle size) and with an Ac-
quity UPLC (Waters) chromatograph. Solvent A was 20 mM 
formic acid in water and solvent B was 20 mM formic acid 
in acetonitrile for E2P45 analogues; and 10 mM ammonium 
acetate in water (solvent A) and 10 mM ammonium acetate 
in methanol (solvent B) for E1P8 peptides. Elution was per-
formed with linear gradients of solvent B into A over 10 min 
at 0.3 mL/min.  

1.2. Multiple Antigenic Peptides (MAPs) 

Homogeneous MAP4E1P8 and MAP4E2P45 were syn-
thesized manually as C-terminal carboxamides on H-PAL 
ChemMatrix! resin (Aldrich) (Fig. 2). The Cys residues were 
replaced by Ser or 2-aminobutyric acid (Abu) residues. The 
first amino acid coupled was "-Ala. The tetravalent lysine 
core was obtained by sequential coupling of 0.4 and 0.8 
mmol of Fmoc-Lys(Fmoc)-OH which was essentially incor-
porated by means of treatment with HATU and DIEA. The 
E1P8 and E2P45 peptide sequences were then assembled at 
both N#- and N$-lysine positions. Twelve-fold molar ex-
cesses of Fmoc-amino acids, diisopropylcarbodiimide (DIP-
CDI) and hydroxybenzotriazole (HOBt) were used through-
out the synthesis. The efficiency of these reactions was 
evaluated by Kaiser’s (ninhydrin) test and repeated couplings 
were carried out when a positive ninhydrin test was ob-
served. The tetrameric MAPs were concomitantly side chain-
deprotected and cleaved from the resin by treatment with a 
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Table 1. Alanine Scanning of E1P8 Sequence and Inhibition of gp41-Mediated Cell–Cell Fusion 

Peptide Primary Sequence HPLC (k’)
a 

 [M+H
+
]exp

b 
% Inhib. Fusion Assay

c
 

E1P8 APEDIGFCLEGGCLVALG 5.3 
1762.9 

(1763.0) 

80 

(128.1±8.7) 

E1P8-1 AAEDIGFCLEGGCLVALG 5.4 
1736.8 

(1737.0) 
15 

E1P8-2 APADIGFCLEGGCLVALG 6.7 
1704.8 

(1705.0) 
16 

E1P8-3 APEAIGFCLEGGCLVALG 6.6 
1718.8 

(1719.0) 

92 

(85.4±5.2) 

E1P8-4 APEDAGFCLEGGCLVALG 5.7 
1720.7 

(1720.9) 
32 

E1P8-5 APEDIAFCLEGGCLVALG 6.6 
1776.9 

(1777.1) 

91 

(94.8±4.3) 

E1P8-6 APEDIGACLEGGCLVALG 5.7 
1685.7 

(1686.9) 

84 

(140.7±6.7) 

E1P8-7 APEDIGFALEGGCLVALG 5.4 
1730.9 

(1731.0) 
34 

E1P8-8 APEDIGFCAEGGCLVALG 5.2 
1720.8 

(1720.9) 

75 

(160.1±9.3) 

E1P8-9 APEDIGFCLAGGCLVALG 6.3 
1704.8 

(1705.0) 
32 

E1P8-10 APEDIGFCLEAGCLVALG 6.9 
1776.9 

(1777.1) 
48 

E1P8-11 APEDIGFCLEGACLVALG 7.0 
1776.9 

(1777.1) 

61 

(97.2±2.2) 

E1P8-12 APEDIGFCLEGGALVALG 6.1 
1730.9 

(1731.0) 
34 

E1P8-13 APEDIGFCLEGGCAVALG 5.7 
1720.8 

(1720.9) 
38 

E1P8-14 APEDIGFCLEGGCLAALG 6.2 
1734.8 

(1735.0) 
29 

E1P8-15 APEDIGFCLEGGCLVAAG 5.4 
1720.8 

(1720.9) 
44 

E1P8-16 APEDIGFCLEGGCLVALA 6.1 
1776.9 

(1777.1) 
38 

aHPLC conditions. Eluents:(A) 0.05% (v/v) ammonium acetate in water, (B) 0.05% ammonium acetate in acetonitrile. 

Linear gradient 5%-95% of B into A over 20 min at a flow rate of 1 mL/min. 
bExperimental mass obtained by Electrospray (ESI-MS) in negative ion mode. 

Theoretical mass in parenthesis 
c
 % inhibition tested at a peptide concentration of 200  M. Maximum non-toxic concentration >200  M 

Calculated IC50 ( M) values in parenthesis. 
 

mixture of TFA in the presence of triisopropylsilane (TIS) 
and water as scavengers (TFA:TIS:H2O, 9.5:2.5:2.5) for 3 h 
with occasional agitation at room temperature. The solvent 
was removed in vacuum and the crude peptides were precipi-
tated with diethyl ether. The solids were dissolved in 30% 
acetic acid in water and lyophilized. 

Heterogeneous MAP4(E1P8-E2P45) was synthesized fol-
lowing essentially the same protocol as that used for the ho-
mogeneous tetrameric MAPs (Fig. 2). However, for this syn-
thesis the orthogonal N-protecting group, 1-(4,4-dimethyl-
2,6-dioxocyclohexylidene)-3-methylbutyl (ivDde) was used 
to synthesized the core oligolysine-based dendrimer [21]. 
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Table 2. Alanine Scanning of E2P45 Sequence and Inhibition of gp41-Mediated Cell–Cell Fusion 

Peptide Primary Sequence HPLC (k’)
a 

 [M+H
+
]exp

b 
% Inhib. Fusion Assay

c
 

E2P45 SDRDTVVELSEWGVPCAT 3.5 
1964.2 

 (1964.1) 

54 

(198.3±3.4) 

E2P45-1 ADRDTVVELSEWGVPCAT 3.4 
1948.0 

(1948.1) 
0 

E2P45-2 SARDTVVELSEWGVPCAT 3.4 
1920.0 

(1920.1) 
14 

E2P45-3 SDADTVVELSEWGVPCAT 3.6 
1877.9 

(1879.0) 
9 

E2P45-4 SDRATVVELSEWGVPCAT 3.5 
1921.0 

(1920.1) 
23 

E2P45-5 SDRDAVVELSEWGVPCAT 3.5 
1934.1 

(1934.1) 
0 

E2P45-6 SDRDTAVELSEWGVPCAT 3.4 
1937.0 

(1936.1) 
1 

E2P45-7 SDRDTVAELSEWGVPCAT 3.4 
1937.0 

(1936.1) 
0 

E2P45-8 SDRDTVVALSEWGVPCAT 3.5 
1907.0 

(1906.1) 

62 

(154.4±12.3) 

E2P45-9 SDRDTVVEASEWGVPCAT 3.2 
1921.9 

(1922.0) 
28 

E2P45-10 SDRDTVVELAEWGVPCAT 3.5 
1949.0 

(1948.1) 
25 

E2P45-11 SDRDTVVELSAWGVPCAT 3.5 
1907.0 

(1906.1) 
0 

E2P45-12 SDRDTVVELSEAGVPCAT 3.2 
1848.9 

(1849.1) 
15 

E2P45-13 SDRDTVVELSEWAVPCAT 3.5 
1979.0 

(1978.2) 
47 

E2P45-14 SDRDTVVELSEWGAPCAT 3.4 
1935.9 

(1936.1) 
22 

E2P45-15 SDRDTVVELSEWGVACAT 3.5 
1937.9 

(1938.1) 
45 

E2P45-16 SDRDTVVELSEWGVPAAT 3.4 
1931.9 

(1932.1) 
48 

E2P45-17 SDRDTVVELSEWGVPCAA 3.6 
1934.4 

(1934.1) 
49 

aHPLC conditions. Eluents:(A) 0.05% (v/v) TFA in water, (B) 0.05% TFA in acetonitrile. 

Linear gradient 30%-80% of B into A over 20 min at a flow rate of 1 mL/min. 
bExperimental mass obtained by Electrospray (ESI-MS) in positive ion mode. 

Theoretical mass in parenthesis 
c
 % inhibition tested at a peptide concentration of 200  M. Maximum non-toxic concentration >200  M 

Calculated IC50 ( M) values in parenthesis. 

Thus, the tetravalent lysine core was obtained by sequential 
coupling of 0.4 mmol of Fmoc-Lys(Fmoc)-OH and 0.8 
mmol of Fmoc-Lys(ivDde)-OH, which were incorporated 
through HATU:DIEA (1:2)-mediated carboxyl activation. 
The peptide sequence E1P8 was then assembled at both N -
lysine positions. Eight-fold molar excesses of Fmoc-amino 

acids and DIPCDI/HOBt were used throughout the synthesis. 
The N-terminal amino acid was introduced as a tert-
butoxycarbonyl (Boc) N -protected residue. The N -Dde-
protecting group was removed by treatment with 2% hydra-
zine in DMF [22]. The E2P45 sequence was then assembled 
at both exposed lysine N!- amino groups of the monoepi-
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topic MAP resin intermediate. Cleavage and final deprotec-
tion of the crude peptide was performed as described above 
for the homogeneous MAPs. The crude peptides were de-
salted using Oasis HLB Plus cartridges (225 mg/60  g) from 
Waters. 

 
 
Fig. (1). Chemical modifications to design new forms of presenta-

tions of GBV-C peptide domains. 

The desalted molecules were purified by semipreparative 
HPLC (1260 Infinity, Agilent Technologies) in an 
XBridge

TM
 BEH300 Prep C18 column (Waters, 5  m, 

10 250 mm) at a flow rate of 3.5 mL/min. The MAP4E2P45 
was purified using a linear gradient of 50%-100% B (0.05% 
(v/v) TFA in acetonitrile) into A (0.05% (v/v) TFA in water) 
for 25 min at a flow rate of 1 mL/min. The purification yield 
was 7%. For the purification of MAP4E1P8, a linear gradient 
of 50%-100% B into A (A:10 mM ammonium acetate in 
water; and B: 10 mM ammonium acetate in methanol) for 25 

min at a flow rate of 1 mL/min was used. A yield of 9% was 
obtained upon purification. 

Purification of MAP4E2P45-E1P8 was carried out using 
the same eluents as those used for homogeneous tetrameric 
MAP4E1P8. A linear gradient of 65%-90% B into A for 25 
min at a flow rate of 1 mL/min was used to obtain a purifica-
tion yield of 14%. 

Analytical HPLC, MALDI-TOF and ESI-MS characteri-
zation of pure MAPs (min. 95% purity) are shown in (Figs. 
1A-C) of the Supportive/Supplementary Material. MALDI-
TOF mass spectra were recorded on an Autoflex III Smart-
beam (Bruker Daltonics), using 2,5-dihydroxybenzoic acid 
matrix (DHB) on an MTP 384 target plate (Bruker).  

1.3. Cyclic Peptides 

To obtain the disulphide cyclic peptides, (S
29

,S
34

cyclo 
[Cys

29,34
])E1(22-39) (cycE1P8) and (S

132
,S

148
cyclo 

[Cys
132,148

])E2(132-150) (cycE2P45), cysteine residues pro-
tected with trityl groups were introduced at the specified 
positions. The corresponding linear peptides were synthe-
sized manually as C-terminal carboxamides on a NovaSyn 
TGR resin NovaSyn

®
 (Novabiochem, Merck Millipore, 

Merck KGaA, Darmstad, Germany) and finally cleaved from 
the resin with TFA/ethanedithiol (EDT)/triisopropylsilane 
(TIS)/H2O (95/2/1/2) and precipitated from ice-cold diethyl 
ether. Finally, they were dissolved in 10% aqueous acetic 
acid and lyophilized. Characterization of the resulting pep-
tides was carried out by analytical HPLC and UPLC-ESI/MS 
as described above. The linear crude peptides were purified 
by semipreparative HPLC (1260 Infinity, Agilent Technolo-
gies) in an XBridge

TM
 PrepBEH130 C18 column (Waters, 5 

 m, 10 250 mm). The purification yield was about 25%. For 
cyclization, the peptides were dissolved in 0.1 M ammonium 
bicarbonate (0.3 mg/mL). The solution was left to stand open 
to the atmosphere and stirred for 24 h. The formation of cy-
clic disulphides was checked by the Ellman test. Cyclic pep-
tides were desalted using Oasis HLB Plus cartridges, 225 
mg/60  g, from Waters and were characterized by analytical 
UPLC and ESI-MS mass spectrometry (Suppor-
tive/Supplementary Material Figs. 2A-B). Cyclic peptides 
were obtained with 95% purity.  

1.4. Lipophilic Peptides 

E1P8 and E2P45 were synthesized manually as C-
terminal carboxamides on a NovaSyn TGR resin NovaSyn

®
 

(Novabiochem, Merck Millipore, Merck KGaA, Darmstad, 
Germany). Once the peptide sequences were completed and 
prior to the cleavage and deprotection processes of peptidyl 
resins, palmitic and myristic acids were introduced at the N-
terminus of different fractions of each peptidyl resin. The 
coupling reaction was performed using three-fold molar ex-
cesses of activated fatty acids with N’,N’ diisopropylcarbodi-
imide (DIPCDI) and 1-hydroxybenzotriazole (HOBt). The 
mixtures were set aside at room temperature overnight. The 
efficiency of these reactions was evaluated by the ninhydrin 
colorimetric reaction. Crude peptides were obtained after 
cleavage with TFA/EDT/TIS/H2O (95/2/1/2) and were de-
salted using Oasis HLB Plus cartridges (225 mg/60  g) from 
Waters. Purification yields by solid phase extraction car-
tridges were in the range of 15%-20%. Lipophylic peptides 
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were characterized by analytical UPLC and ESI-MS mass 
spectrometry as described for the E1P8 and E2P45 analogues 
(Supportive/Supplementary Material Figs. 3A-B). The pep-
tides were 95% pure by analytical HPLC at 220 nm. 

1.5. Au–peptide Conjugates 

The reaction of the peptides E1P8 and E2P45 with two 
equivalents of [Au(acac)(PPh3)] (acac = acetylacetonate) was 
carried out in acetonitrile under an argon atmosphere. The 
mixture was stirred for 2 h and then evaporation of the sol-
vent to dryness gave the Au–peptide conjugates E1P8-(2H)-
(AuPPh3)2 (MW = 2680; yield: 91%) and P45-E2-(-2H)-
(AuPPh3)2 (MW = 2983; yield: 86%), respectively. In the 
reaction, the acetylacetone cleanly deprotonates the cysteine 
residues, forming acetylacetone, and the AuPPh3

+
 fragment 

coordinates to the thiolate peptide ligand. 
31

P{
1
H} NMR 

spectra were acquired on a Bruker Avance 400 spectrometer 
in dmso-d6 (referenced to external 85% H3PO4): E1P8-(2H)-
(AuPPh3)2,  : 35.8; P45-E2-(2-H)-(AuPPh3)2,  : 34.6.  

2. INHIBITION OF CELL–CELL FUSION ASSAYS 

Cell–cell fusion assays were performed in triplicate as 
described elsewhere

 
[18], but the quantification of syncytia 

formation was determined by fluorescence instead of lumi-
nescence.  

Two cell lines were used: HeLa-env (donated by Dr. 
Blanco of the Fundació IRSI-Caixa) expressing the protein 
from the HIV-1 envelope and including the HIV-1 long ter-
minal repeat (LTR) promoter in its genome; and TZMbl 
(AIDS reagents catalogue no. 8129), which expresses the 
membrane receptor from CD4 lymphocytes and co-receptors 
CCR5 and CXCR4, and includes the luciferase and !-
galactosidase genes in its genome. The cell lines were cul-
tured in Dulbecco’s modified Eagle medium (DMEM, PAA) 
containing L-glutamine and sodium pyruvate supplemented 
with 10% heat-inactivated foetal bovine serum (FBS), 100 
UI/mL penicillin, and 100  g/mL streptomycin. The cell 
cultures were maintained in a tissue culture incubator at 37ºC 
in a 5% CO2 atmosphere. 

When both types of cells are cocultured, cell membrane 
fusion occurs and the  -galactosidase gene is activated. In 
this study, the trial for the inhibition of cell binding induced 
by the E2P45 and E1P8 peptide derivatives consisted of in-
cubation of 2500 HeLa-env cells/well (Nunc plates, cata-
logue no. 136101) for 1 h at serial dilutions (5-200  M) of 
the peptides to be tested, followed by the addition of around 
10 times (25000 cells) TZMbl/well and incubation for 24 h. 

 

 

Fig. (2). Synthesis of homogeneous and heterogeneous MAPs: (i) 20% piperidine/DMF; (ii) Fmoc- Ala-OH/HATU/DIEA, DMF; (iii) 

Fmoc-Lys(Fmoc)-OH/HATU/DIEA, DMF; (iv) Fmoc-Lys(ivDde)-OH/HATU/DIEA, DMF; (v) Fmoc SPPS; (vi) Boc-Ala-

OH/DIPCDI/HOBt, DMF; (vii) 2% hydrazine, DMF; (viii) TFA/TIS/H2O (95/2.5/2.5). 
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Subsequently, 5  L of a solution of 20% Igepal in phosphate 
buffer (100 mM, pH 7.2, 0.1 mM MgCl2) was added to each 
well. After 1-2 min, 50  L was taken from each well and 
added to a new plate. Then 50  L of a 1 mM solution of 4-
methylumbelipheryl- -D-galactopiranoside in phosphate 
buffer (100 mM, pH 7.2, 0.1 mM MgCl2) was added to each 
well and the plate was incubated for 30 min at 37ºC. Finally, 
upon the addition of 150  L Glycine-NaOH buffer (100 mM, 
pH 10.6), fluorescence was quantified in a SpectraMax M5 
(Molecular Devices) microplate reader using an excitation ! 
of 355 nm and emission ! of 460 nm. To control cell bind-
ing, wells without peptides were reserved and a known cell 
binding inhibitor, C-34 (AIDS Reagents, catalogue no. 
9824), was used as a positive control. The level of inhibition 
of cell binding is shown as an average of three independent 
assays and was also qualitatively assessed by observing the 
formation of syncytia under the microscope. 

3. INHIBITION OF HIV INFECTION 

Virus stock was produced by transfection of 293T cells 
using the calcium phosphate method according to the 
manufacturer’s instructions (ProFection mammalian 
transfection system; Promega, Madison, WI, USA). To 
perform infection inhibition assays, 96-well plates were set 
up as follows: to the first two columns, 25  L of medium 
(DMEM, 10% FBS) was added; to each of the other columns 
(columns 3 through 12), 25- L aliquots of serial 2-fold 
dilutions for each compound in DMEM–10% FBS were 
added. Virus in a total volume of 75  L was then added to 
each well in columns 2 through 12. Virus-free medium was 
added to column 1 (mock infected). The amount of virus 
chosen was the lowest level of viral input sufficient to give a 
clear luciferase signal within the linear range. The plate was 
incubated for 2 h at 37°C. After incubation, 10

4
 target cells 

(TZM-bl) in a volume of 100  L were added to each well. 
The plate was then placed into a humidified chamber within 
a CO2 incubator at 37°C. After 72 h of incubation at 37°C, 
supernatants were removed and the cell-associated luciferase 
activity for each well was determined on a microplate 
luminometer (Turner Biosystems, Sunnyvale, CA) using a 
luciferase assay kit (Biotherma, Sweden). The values are 
expressed as the concentration of compound that reduces 
infectivity by 50% (IC50). IC50 values in (Table 4) are the 
average of two or three independent inhibition assays. 

4. CELL VIABILITY WITH MTT ASSAY 

Cell toxicity of E2 peptides was analysed in HeLa-env 
and TZM-bl cells using the MTT assay. The cells were cul-
tured with DMEM (15,000 cells/well) in a 96-well plate and 
incubated with the serial dilutions of each peptide at 37ºC for 
72 h. Afterwards, MTT was added to a final concentration of 
7.5 mg/mL and the plate was incubated again for 2 h at 37ºC. 
Subsequently, the medium was removed and 100  L of 
DMSO was added to dissolve the formazan precipitate. After 
45 min, absorbance was measured at 570 nm. Cell viability 
was established via the quotient between the absorbance 
value of cells treated with the peptide and untreated cells. 
The maximum non-toxic concentration of each peptide de-
rivative was used in the cell–cell fusion and inhibition of 
HIV infection assays. 

RESULTS AND DISCUSSION 

This paper presents the design and synthesis of new 
forms of presentation of two peptide domains corresponding 
to the GBV-C E1 and E2 envelope proteins, together with a 
study of their anti-HIV-1 activity. Our aim is to enhance the 
anti-viral potency of the GBV-C peptide domains. 

From the GBV-C E2 protein, the (133-150) peptide se-
quence (namely E2P45) was first selected [18]. Of the 124 
overlapping peptides spanning the E2 protein, the 18-mer 
peptide sequence E2P45 was found to be one of those that 
are capable of interfering with the HIV-1 fusion peptide 
(FP)–vesicles interaction, and it produced a notable decrease 
in cellular membrane fusion and HIV-1 infectivity.  

Our studies of the GBV-C E1 protein using several bio-
physical techniques, such as isothermal titration calorimetry, 
confocal microscopy, monolayers and fluorescence-based 
binding assays, allowed us to establish that certain peptide 
sequences from this protein interact with the HIV-1 FP [19]. 
Further analysis demonstrated that the (22-39) sequence of 
the E1 protein (namely E1P8) was capable of inhibiting 
membrane fusion as well as the interaction of HIV-1 FP with 
bilayers [23], and this peptide sequence was therefore pro-
posed as a putative HIV-1 entry inhibitor.  

Based on these results, the E1P8 and E2P45 peptides 
were selected as parent peptides to have their structures 
chemically modified and then be tested for activity against 
HIV-1 through cell–cell fusion and HIV-1 NL4-3 infectivity 
assays. HeLa-env cells express the HIV-1 envelope protein 
and TZM-bl cells express the membrane receptor of the host 
cell as well as the co-receptors CCR5 and CXCR4. Thus, by 
means of the inhibition of cell–cell fusion of these cells, we 
analysed the capacity of the newly designed E1 and E2 pep-
tides to inhibit virus entry. Meanwhile, the HIV-1 NL4-3 
infectivity assay was taken as a measure of the capacity of 
the selected peptides to inhibit HIV infection. 

Firstly, Alanine scanning (reviewed in Ref [24]) was per-
formed to identify specific amino acid residues responsible 
for the activity of E1P8 and E2P45. All the possible posi-
tions in the original peptides were replaced by Ala to deter-
mine which residues are critical for their activity. The char-
acterization of the peptide analogues obtained by solid-phase 
multiple syntheses is shown in (Tables 1 and 2). All the pep-
tides were tested at a non-toxic concentration determined by 
MTT assays (200  M) in cell–cell fusion assays and the de-
gree of reduction in activity was taken as a relative measure 
of the importance of the substituted residue. Assuming that 
the substitution of an essential amino acid would result in a 
clear reduction in peptide activity, only those changes result-
ing in cell–cell fusion inhibition of at least 20% less than that 
of the corresponding parent peptides were taken into ac-
count. Thus, peptides with a degree of inhibition equal to or 
lower than 16% (E1P8 analogues) and 10% (E2P45 ana-
logues) were considered to have been obtained after the 
modification of essential positions within the parent se-
quences. Our results highlighted the specific contribution to 
cell–cell fusion inhibition of the N-terminal residues Pro

23
 

and Glu
24

 in E1P8, and Ser
132

, Arg
134

, Thr
136

, Val
137

, Val
138

 
and Glu

142
 in E2P45. 
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Other E1P8 and E2P45 analogues produced results that 

were similar to or even better than those of the parent se-

quences after performing the inhibition assay at a concentra-

tion of 200  M. The corresponding IC50 values were ob-

tained and compared to those of the parent peptides (Tables 

1 and 2). However, no substantial improvement was ob-

served since the IC50 values for the most active analogues 

were 82-97  M and 147  M for the analogues of E1P8 

(IC50=128.1±8.7  M) and E2P45 (IC50=198.3±3.4  M), re-

spectively.  

The influence of the total net charge of the parent pep-

tides on their activity was also studied through the replace-

ment of non-essential residues. In this way, several new 

E1P8 and E2P45 analogues were obtained in the solid phase 

and the inhibition of both cell–cell fusion and HIV-1 NL4-3 

replication in cell cultures was determined. Our results indi-

cate that the net negative charge (2-) of both peptides seems 

to be important for their activity. As shown in (Table 3), in 

general all the analogues tested showed lower activity in the 

cell–cell fusion assay. This finding was reinforced after per-

forming the HIV-1 inhibition assay: in no case was inhibi-

tion of viral replication observed and some peptide ana-

logues even led to the promotion of cellular growth (data not 

shown). For this reason, the parent sequences were structur-

ally modified as described below. 

Different strategies for increasing the antiviral activity of 

synthetic peptides that circumvent the limitations they pre-

sent in clinical applications, such as low stability and limited 

selectivity of action, have been described in the literature. 

We performed different chemical modifications on E1P8 and 

E2P45, in order to enhance their antiviral activity. Homoge-

neous and heterogeneous MAPs, lipophilic derivatizations, 

cyclization and peptide–gold conjugations were the chemical 

strategies used to design new forms of presentation of the 

GBV-C peptide domains (Fig. 1). 

The relatively large and stereochemically complex pro-

tein–protein interfaces usually hamper the binding of short 

inhibiting peptides, which do not have enough affinity to and 

specificity for the protein target site to bind to it. An alterna-

tive antiviral strategy based on the multimerization of linear 

parent peptides has been devised and the design of new anti-

HIV peptides through sequence multimerization has been 

reported
 
[25-27]. In this work, we synthesized two homoge-

neous tetrameric molecules containing four copies of the 

E1P8 and E2P45 peptides (Fig. 2) by solid-phase methods. 

This kind of multimeric peptide molecule was initially de-

scribed by Tam
 
[28-29] and is formed of a lysine core that 

provides a backbone for the peptide antigens, thereby allow-

ing the stabilization of the secondary structure. Moreover, 

the use of orthogonally-protected lysine derivatives allows 

several copies of two different peptide sequences to be pre-

sented in the same molecule, which could lead to an increase 

in antiviral activity. We therefore also synthesized a hetero-

geneous tetrameric MAP containing both the E1P8 and 

E2P45 sequences in N  and N! positions, with respect to the 

tetralysine core (Fig. 2). To avoid secondary reactions due to 

the presence of multiple Cys residues in the macromolecule, 

they were replaced by Ser or Abu. The toxicity of these com-

pounds, as evaluated in the MTT assay, was higher than that 

of the corresponding linear peptides; the maximum non-toxic 

toxic concentration of the homogeneous MAP peptide was 

25  M. In spite of their higher toxicity, the multimeric pep-

tides showed increased activity compared to their monomeric 

parents. Particularly, homogeneous MAP4E1P8 inhibited 

HIV-1 infection at the low  M level (IC50 8.7  M) (Table 4). 

Moreover, the activity of this MAP in the gp41 cell–cell fu-

sion assay (IC50 17.6±3.0  M) demonstrated that this mac-

romolecule may be used to target the HIV-1 fusion step. It is 

worthy of note that the tetra-lysine core did not show any 

activity at the highest concentration tested (100  M).  

Regarding the heterogeneous MAP4E2P45-E1P8, the 

LC50 (lethal concentration 50%), was 14.4  M. The maxi-

mum non-toxic concentration of this heterogeneous mul-

timeric peptide evaluated in cell–cell fusion assays was 2.5 

 M, with an inhibition of only 23%. Similar results were 

obtained for the inhibition of viral replication, since no sig-

nificant inhibition was observed at the non-toxic concentra-

tions evaluated for the heterogeneous MAP. The unexpected 

results obtained from the incorporation of the two different 

peptide sequences into one multimeric molecule demonstrate 

the difficulty in achieving a precise spatial arrangement of 

the sequences within each MAP for optimal binding to the 

target site. A degree of unpredictability concerning the 

optimal composition and configuration of heterogeneous 

MAPs is normally observed. 

The introduction of intramolecular cyclical motifs to en-

courage a less flexible and more rigid structure has recently 

been reported to increase the anti-HIV activity of linear pep-

tides [30, 31]. Here, the cyclic peptides cycE1P8: 

(S
29

,S
34

cyclo[Cys
29,34

])E1(22-39) and cycE2P45: (S
132

,S
148 

cyclo[Cys
132,148

])E2(132-150) were obtained in solution via 

the formation of disulphide bridges. To this end, it was nec-

essary to insert a Cys residue into the N-terminus of the 

E2P45 parent sequence (Fig. 3). Table 4 shows the inhibitory 

activity of the cyclic analogues. Regarding the inhibition of 

replication of HIV-1 NL4-3 in cell cultures, cycE1P8 and 

cycE2P45 showed IC50 values of 7.8±3.2 and 32.5±17.7  M, 

respectively; the first being almost 20-fold more potent than 

the corresponding linear peptide. These results support the 

idea that constrained peptides inhibit HIV-1 replication more 

effectively. It seems that the cyclic counterparts become 

more specific ligands than their parent peptides because of 

their increased rigidity. Such conformationally restricted 

molecules constitute a promising alternative for inhibiting 

the protein–protein interactions involved in the fusion proc-

ess and subsequent HIV-1 entry into the cell. 

The modification of peptides by combining them with 

fatty acids favours enzymatic stability, improves pharma-

cokinetic properties and promotes secondary structures in 

synthetic peptide sequences. In fact, the modification of pep-

tides that inhibit HIV fusion via combination with fatty acids 

to increase their inhibiting activity was recently reported
 
[32-

34]. It has been suggested that the fatty acid allows the pep-

tide to become attached to the cell membrane surface, 

thereby increasing peptide concentration at points of fusion. 

Although inhibiting activity has been correlated to the length 

of the fatty acid, we found no significant differences between 

myristic and palmitic acid-derived peptides. A correlation 

was found between the inhibitory activity of cell–cell fusion 

and HIV infectivity assays; in general, lower IC50 values
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Table 3. Net Charge Contribution of E1P8 and E2P45 Peptides in the Inhibition of gp41-Mediated Cell–Cell Fusion 

Peptide Primary Sequence
a
 HPLC (k’)

b 
[M+H

+
]exp

c 
Net charge % Inhib. Fusion Assay

d
 

Parent E1P8 APEDIGFCLEGGCLVALG   2- 80 

 APENIGFCLEGGCLVALG 6.4 
1761.8 

(1762.1) 
1- 37 

 APEDIGFCLQGGCLVALG 6.3 
1761.8 

(1762.1) 
1- 44 

 APEDIGFCLRGGCLVALG 6.4 
1789.9 

(1790.1) 
0 65 

 APQNIGFCLQGGCLVALG 6.0 
1857.9 

(1760.1) 
1+ 0 

 APERIGFCLRGGCLVALG 5.7 
1829.9 

(1831.2) 
2+ 27 

Parent E2P45 SDRDTVVELSEWGVPCAT   2- 54 

 SDRDTVVQLSEWGVPCAT 3.5 
1964.1 

(1963.2) 
1- 52 

 SNRNTVVELSEWGVPCAT 3.3 
1963.0 

(1962.2) 
0 7 

 SNRNTVVQLSEWGVPCAT 3.6 
1962.0 

(1961.2) 
1+ 0 

 SNRNTVVQLSQWGVPCAT 3.4 
1961.1 

(1960.2) 
2+ 69 

a Underlined are represented considered essential residues. In italics the introduced modifications in parent sequences 
bHPLC conditions:  

E1P8 derived peptides: Eluents:(A) 0.05% (v/v) ammonium acetate in water, (B) 0.05% ammonium acetate in acetonitrile. 

Linear gradient 5%-95% of B into A over 20 min at a flow rate of 1 mL/min. 

E2P45 derived peptides: Eluents:(A) 0.05% (v/v) TFA in water, (B) 0.05% TFA in acetonitrile. 

Linear gradient 30%-80% of B into A over 20 min at a flow rate of 1 mL/min. 
cExperimental mass obtained by Electrospray (ESI-MS) in negative(E1P8 derived peptides) and positive (E2P45 derived peptides) ion mode. Theoretical mass in parenthesis 
d
 % inhibition tested at a peptide concentration of 200  M. Maximum non-toxic concentration >200  M. 

 

Table 4. Inhibitory Activity of E2P45 and E1P8 Derivatives in gp41-Mediated Cell–Cell Fusion and HIV-1 NL4-3 Infectivity Assays 

Peptide % Inhib. Fusion Assay
a
 Fusion Assay IC50( M) HIV-1 Assay IC50( M) 

E1P8 derivatives   

E1P8 80 128.1±8.7 150±50 

MAP4E1P8 60
b
 17.6±3.0 8.7±6.0 

cycE1P8 68 164.2±19.3 7.8±3.2 

Palm-E1P8 94 32.4±3.3 12.0±4.2 

Mir-E1P8 96 32.0±2.2 13.5±9.2 

E1P8-Au 96
c
 0.73±0.03 <0.5 

E2P45 derivatives   

E2P45 54 198.3±3.4 >110 

MAP4E2P45 34
b
 ND 24.5±7.8 

cycE2P45 40 ND 32.5±17.7 
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(Table 4) contd…. 

Peptide % Inhib. Fusion Assay
a
 Fusion Assay IC50( M) HIV-1 Assay IC50( M) 

E2P45 derivatives   

Palm-E2P45 93 78.8±3.1 82.5±24.7 

Mir-E2P45 98 41.7±2.1 30.0±7.1 

E2P45-Au 72
c
 1.01±0.46 1.2±1.1 

E2P45-E1P8 derivatives   

MAP4E1P8-E2P45 23
d
 ND ND 

ND: not determined 

C34 (240 nM) 90% inhibition IC50=5 nM 
a % inhibition tested at a peptide concentration of 200  M  
b % inhibition tested at the MAP maximum non-toxic concentration (25  M) 
c % inhibition tested at the Au–peptide maximum non-toxic concentration (2  M) 
d % inhibition tested at the MAP4E2P45-E1P8 non-toxic concentration (2.5  M). 
 

 

 

Fig. (3). Synthesis of modified E2P45 peptides: (i) Fmoc SPPS; (ii) Palmitic acid/DIPCDI/HOBt, DMF; (iii) Fmoc-Cys(Trt)-

OH/HATU/DIEA, DMF; (iv) 20% piperidine/DMF (v) TFA/EDT/TIS/H2O (95/2/1/2); (vi) 0.1M ammonium bicarbonate; (vii) 

[Au(acac)(PPh3)], acetonitrile, argon atmosphere. 

were found for E1P8 lipopeptides than for E2P45 lipophilic 

derivatives. In the HIV-1 NL4-3 infectivity assay, IC50 val-

ues of 12.0±4.2  M and 13.5±9.2  M were obtained for 

palmitoylated and myristoylated E1P8 peptides, respectively 

(Table 4). No inhibition was found for the corresponding 

control compound (palmitic acid) at a concentration lower 

than 30  M. Thus, the conjugation of the parent peptides 

with saturated fatty acids could increase the concentration of 

the inhibitor in the cell membrane and allow the lipopeptides 

to locate in lipid rafts. Enriching the peptide entry inhibitors 

with saturated fatty acids represents a useful strategy to en-

hance their efficacy when it comes to penetrating membrane 

domains.  

Finally, the anti-HIV activity of a great variety of metal-

lic compounds, and particularly of gold complexes, has re-

cently been reported [12]. Gold compounds used as anti-

arthritic drugs have been proven to possess antiretroviral 

activity via their inhibition of reverse transcriptase
 
[13, 14]. 

Furthermore, several gold(III) compounds with porphyrins or 

Schiff bases have been patented due to their considerable 

anti-HIV activity [16]. Here, we coordinated gold(I) to the 

E1P8 and E2P45 peptides. The amino acid sequence of the 

E2P45 peptide, which contains a cysteine at position 148, 

was modified by the insertion of a second cysteine residue 

into the N-terminus to allow for greater or more stable coor-

dination of the gold atom, or more specifically of the
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Fig. (4). Dose-response curves for E1P8 and E2P45 derivatives. 

AuPPh3
+
 fragment, to the peptide (Fig. 3). In this way, both 

the cysteine residues allow the gold(I) atom to bind with the 

sulphurs to form thiolate complexes. The E1P8 peptide se-

quence was not modified since it already contains 2 Cys 

residues. The coordination of the gold(I) centres was carried 

out through the reaction of the peptides with the basic com-

plex [Au(acac)(PPh3)], which allows straightforward substi-

tution of the cysteine acid protons by the AuPPh3
+
 fragment. 

31
P{

1
H} NMR spectra allowed us to characterize the final 

peptide–thiolate–gold complexes, as they were clean spectra 

with an upfield displacement compared to the initial gold 

precursor; this chemical shift is characteristic of gold–

thiolate–phosphine complexes (not shown). The main advan-

tages that the final gold–peptide conjugates may offer would 

be that the peptides already present antiviral activity on their 

own (they correctly locate the target) while the gold–

phosphine fragments present good cellular uptake and possi-

ble inhibitory activity. The maximum non-toxic concentra-

tion of the peptide–gold complexes assayed was 2  M. The 

gold complexes tested as controls (a chloro and an irrelevant 

peptide–gold(I)–phosphine complex) showed some cellular 

fusion inhibitory activity, but considering that the IC50 values 

of the gold–E1 and gold–E2 peptide conjugates described are 

10 times lower (about 0.5  M), they can be considered 

clearly specific. These results agree well with previous find-

ings of significant antiproliferative effects of gold(I)–

phosphine complexes in cultured human tumour cell lines 

[35]. The authors of those findings attributed the cytotoxic 

activity of [AuCl(PPh3)] to its uptake into the cells. Gold–

phosphine complexes are more lipophilic than non-

phosphine analogues, and this enhances transport of the gold 

compound through cellular membranes and facilitates the 

association of the gold complex with the active intracellular 

site. In general, it seems that for good cytotoxic activity of 

gold complexes, the ligands are important for the transport of 

the metal to the biological target; but it is the gold itself 

which possesses the cytotoxic activity. Remarkably, the in-

hibitory concentrations of the E1P8 and E2P45 gold(I) com-

plexes obtained in both cell–cell fusion and HIV-1 NL4-3 

antiretroviral assays, were 3 orders of magnitude lower than 

those corresponding to the parent peptides. In particular, the 

IC50 value of the E1P8 peptide gold complex was submicro-

molar (<0.5  M) (Table 4).  

CONCLUSIONS 

This work demonstrates that the modification of two 

GBV-C peptide domains, E1P8 and E2P45, by different 

chemical strategies improves the antiviral potencies of these 

short linear HIV-inhibiting peptides: the modified products 
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decrease the infectivity of HIV-1 NL4-3 in a dose-dependent 

manner (Fig. 4). The increased activity of these new deriva-

tives might be due to either suitable presentation of the re-

quired structural motif, or increased cellular uptake of the 

peptides. So, we propose the derivatization of synthetic 

GBV-C peptides with fatty acids as well as their multimeri-

zation as potential routes to therapeutic advances. Moreover, 

the coordination of the peptides to gold(I) phosphine could 

enhance their cellular uptake and could therefore be of con-

siderable interest for the development of novel antiretroviral 

drugs. Of all the GBV-C peptide derivatives studied in this 

work, the peptide–gold complexes were the most active entry 

inhibitors. Specifically, peptide molecules derived from the 

(22-39) sequence of the GBV-C E1 protein were more potent 

as HIV-1 inhibitors than derivatized peptides from the (133-

150) sequence of the GBV-C E2 protein. These results also 

support the putative modulation of HIV-1 infection by the 

GBV-C E1 protein and open new perspectives for the devel-

opment of novel peptide-derived HIV-1 entry inhibitors. 
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SUPPORTIVE/SUPPLEMENTARY MATERIAL 

Characterization of homogeneous and heterogeneous 

tetrameric MAPs. Characterization of cyclic derivatives. 

Characterization of lipophilic derivatives. 

ABBREVIATIONS 

AIDS = Acquired immunodeficiency syn-

drome 

DIPCDI = Disopropylcarbodiimide 

DIPEA = Diisopropylethylamine 

DMEM = Dulbecco’s modified Eagle me-

dium 

EDT = Ethanedithiol 

FBS = Foetal bovine serum 

FP = Fusion peptide 

GBV-C = GB virus C 

HATU = 2-(1H-7-azabenzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hex-

afluorophosphate 

HIV = Human immunodeficiency virus 

HOBt = Hydroxybenzotriazole 

H-PAL = 5-[3,5-Dimethoxy-4-(Fmoc-

aminomethyl)phenoxy]pentanoic 

acid 

ivDde = 1-(4,4-dimethyl-2,6-dioxocyclo 

hexylidene)-3-methylbutyl 

LTR = Long terminal repeat promoter 

LC50 = Lethal concentration 50% 

MAP = Multiple antigenic peptide 

MTT = (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

TIS = Triisopropylsilane 

YFV = Yellow fever virus 

VIRIP = Virus inhibitory peptide 
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